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Abstract

This thesis deals with the extension of iterative learning control strategies to nonlinear
system classes, especially to the class of systems with affine input. It is well known
from the literature that iterative learning control strategies improve the performance of
repetitive processes by learning from previous trials. Therefore, this control strategy is
particularly interesting when dealing with inevitable model-plant mismatches or repetitive
disturbances. The extension of these strategies to nonlinear systems poses significant
challenges due to their complexity, which are addressed in this thesis.

In particular, it is investigated how differential flatness, a special property of certain
nonlinear systems, can be used for this purpose. This approach enables the transformation
of system dynamics into an alternative flat representation, which facilitates the design of
ILC laws by providing a direct relationship between output and input spaces. Furthermore,
observer-based techniques are integrated into the control strategy to overcome the challenge
of unmeasured state variables. These observers estimate the required system states in
real-time and ensure accurate updates of the control input during the learning process.

The ILC approach proposed in this thesis, which combines differential flatness with
learning concepts, provides a systematic method to improve trajectory following control for
nonlinear systems. The effectiveness of these methods is demonstrated through numerical
simulations and experimental validation, showing their ability to achieve high precision
and convergence where traditional control approaches reach their limits.
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Kurzzusammenfassung

Diese Arbeit beschéftigt sich mit der Erweiterung von iterativ lernenden Regelungsstra-
tegien auf nichtlineare Systemklassen, speziell auf die Klasse der Systeme mit affinem
Eingang. Aus der Literatur ist bekannt, dass iterativ lernende Regelungsstrategien die
Performance von sich wiederholenden Prozessen durch Lernen von vorherigen Versuchen
verbessern. Daher ist diese Regelungsstrategie ganz besonders interessant, wenn man
unvermeidbare Modellfehler oder sich wiederholende Stérungen handhaben will. Die Aus-
weitung dieser Strategien auf nichtlineare Systeme stellt aufgrund der Komplexitdt dieser
Systeme erhebliche Herausforderungen dar, mit welchen sich diese Arbeit beschéftigt.

Gangz speziell wird untersucht, wie differenzielle Flachheit, eine besondere Eigenschaft
bestimmter nichtlinearer Systeme, fiir diesen Zweck genutzt werden kann. Diese Betrach-
tungsweise ermoglicht die Umwandlung der Systemdynamik in eine alternative flache
Darstellung, welche die Gestaltung von ILC-Gesetzen erleichtert, indem sie eine direkte
Beziehung zwischen Ausgangsgréfien und Eingangsgrofien darstellt. Um weiters die Her-
ausforderung nicht gemessener Zustandsgroflen zu bewéltigen, werden beobachterbasierte
Techniken in die Regelungsstrategie integriert. Diese Beobachter schitzen die erforderli-
chen Systemzustidnde in Echtzeit und gewéhrleisten wihrend des Lernprozesses genaue
Aktualisierungen der Eingangsgrofien.

Der in dieser Arbeit vorgeschlagene ILC-Ansatz, der Differentielle-Flachheit mit ler-
nenden Konzepten kombiniert, bietet eine systematische Methode zur Verbesserung der
Trajektorienfolgeregelung fiir nichtlinearen Systemen. Die Wirksamkeit der Methode wird
durch numerische Simulationen und experimentelle Validierung nachgewiesen und zeigt ihre
Fahigkeit, hohe Prazision und Konvergenz zu erreichen, wo traditionelle Regelungsansétze
an ihre Grenzen stoflen.
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1 Introduction

Iterative learning mirrors how humans improve skills through repetition and adaptation
but applied to machines. In human learning, skills are improved by repeating tasks,
identifying recurring mistakes, and making adjustments. Similarly, in iterative learning
control (ILC), the aim is to achieve specific goals in repetitive systems, such as improving
tracking accuracy, by learning from the errors made in each trial. Concerning [1-3] ILC
has been a topic of interest in control theory literature for over 40 years, where the
academic origin of the basic concept of ILC, as formulated by [4], is to obtain "an iterative
betterment process for the dynamics of robots so that the trajectory of their motion
approaches asymptotically a given desired trajectory as the number of operation trials
increases". Initially driven by the robotics community, ILC research has expanded to
encompass various domains. While robotics applications remain a significant focus, ILC
has found utility in fields such as chemical batch processing [5, 6], power electronics [7, 8],
and bioengineering [9, 10] and many more which can be found in [3, 11]. However since
many industrial and physical processes operate under repetitive conditions, performing
the same tasks over and over again. This repetition allows the use of knowledge from
previous iterations to improve the performance. In order to formulate this idea in a
mathematical sense, certain requirements must be placed on the system and the repetitive
process. Therefore, the following requirements are typically made [1, 2]

Assumption 1 (Applicability conditions).
(i) Each trail has a fized interval t € [0,T].
(ii) The desired trajectory yq(t) is given a priori over the fized interval t € [0,T].

(77i) The initial conditions of the system are identical at each iteration x;(0) = xq €
R"™,Vj € [0,N] .

(iv) The dynamic of the system is invariant over all iterations.

However, as described in [2], the identical initial condition assumption (iii) is practically
difficult to achieve and therefore often relaxed in the sense of

Assumption 2 (Relaxed initial condition).

(i) The initial conditions at each iteration are nearly identical such that ||x;(0) — x¢|| <
e € R,Vje€[0,N] and a small e.

The aim of Chapter 2 is to introduce the main ideas of iterative learning, which are well
known from the literature, for linear discrete-time systems. Here, the main concepts are
taken from [1, 2, 12]. In Chapter 3, the first part is to extend the ideas from Chapter 2
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1 Introduction 2

to linear continuous-time systems. Here, the main idea is taken from [12] and has been
treated with the methods of [13, 14]. Afterwards, a new type of ILC is introduced, using
differential geometric and optimal control methods. In Chapter 4, the methods presented
in Chapter 3 are extended to a special class of nonlinear systems called affine input systems.
Finally, the method developed in Chapter 4 is applied to a three degrees-of-freedom (DOF)
laboratory helicopter from the company Quanser. This system is particularly challenging
from an ILC perspective due to its strong nonlinearity, underactuated nature and the
significant model-plant mismatch introduced due to model reduction methods required to
construct a differentially flat output.
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2 ILC for discrete-time linear systems

This chapter briefly summarizes the state of the art for a single input, single output (SISO)
discrete-time linear time-invariant (LTI) system in the state space representation

X [k + 1] = (IDXj [k] + yu,; [k‘] , X5 [0] = Xg (2.1&)
yilk] = < x;[k] (2.1Db)

where x;[k+ 1] denotes the state for the j-th iteration with the initial condition x;[0] = xo,
uj[k] the control input and y;[k] the output for all j € Ng. Here & € R™*" stands for
the dynamic (or system) matrix, v € R™ for the input vector and ¢ € R™ for the output
vector. The main parts of this chapter follow the presentation in [1, 2, 12] with the aim
to emphasize the basic idea of existing ILC strategies.

Remark 1. This chapter only covers the SISO case for the sake of notational simplicity.
Still, the ILC strategies presented in this chapter are not restricted to the SISO case and
can be extended to the MIMO case.

2.1 Lifted system representation

Based on (2.1), the lifted system representation can be introduced, which is, in principle,
a mathematical technique that transforms the traditional time-domain view of a dynamic
system into a higher-dimensional space [2]. Through this transformation, the entire
iteration of a repetitive process can be treated as an input-output relationship. Starting
from the initial state xg, the input-output representation of (2.1) follows as

k—1
yilk] = " ®Fx;[0] + T Y @ yuym], k=0,1,... . (2.2)

m=0
The second part of (2.2) describes the convolution of the input with the convolution kernel
glk] =cT®* 1y | k=1,2,..., (2.3)
which is also known as the Markov parameters of the system (2.1) [12]. Therefore, (2.2)

can be rewritten as

k
yilk] = " ®"x;[0 + > glmluj[k —m], k=0,1,... . (2.4)

m=0

By considering a finite time horizon ¢ = [0, (N — 1)7Ts] and introducing the vector notion
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2 ILC for discrete-time linear systems 2.2 Proportional-derivative type ILC 4

uj =[u[0] wl] ... w[N-1]eR" (2.5a)
y; =lylml yilm+1] ... ylm+ N -1 eRY (2.5b)
yo = [wolm] wm+1 ... wylm+N-1]] RN, (2.5¢)

the input-output representation (2.2) can be written in the lifted system representation

y; = yo+ Guj , (2.6)
with
glm] 0 .. 0
| dm+u im0 | .
gm+N—1 gm+N—2 ... g[m]

The lower triangular structure of the Toeplitz matrix G stems from the causal nature of
the dynamic system (2.1) and (2.2).
2.2 Proportional-derivative type ILC
One of the simplest ILC strategies is the PD-type, which can be written as
ujr1[k] = ujlk] + kpe; k] + ka(e;[k + 1] — ¢;[k]) (2.8)

with e;[k] = yq[k] — y;j[k] denoting the output error, for the j-th iteration [15]. Since this
law only introduces two tuning parameters, k, and kq, it is considered a model-free ILC
variant [1].

2.3 Filter-based ILC

Using the lifted system representation and introducing the vector form of the error

€ =Yd—Yj (2.92)
ya = [val0] wall] ... wN-1]eRY, (2.9b)

the PD-type update law (2.8) can be extended to

w1 = Quy + Ley) (2.10)
with a general Q-filtering matrix
q[0] q[—1] g[—(N —1)]
o | A2 o
AN -1 dN-2 .. g
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2 ILC for discrete-time linear systems 2.4 Inversion-based ILC 5

and the learning matrix

0 1] (V- 1)
Lo | W ) -
IN—1 IN-2 ...  1[0]

Based on (2.8), the learning matrix L can be related with k, and kq as

kp — kq kq 0o ... 0
0 kp —ka ka ... 0

L= (2.13)

0 0 N
Hence, Q is typically selected as a zero-phase low-pass filter to avoid strong steady-state
errors due to additive phase shifts [2]. Interestingly, neither Q nor L require a lower

triangular structure. This flexibility allows ILC to demonstrate a unique capability to
deal with repetitive disturbances.

2.4 Inversion-based ILC

Intuitively, it is not clear a priori how to choose the learning matrix L. A commonly used
choice leads to the so-called inversion-based ILC [2]. Here, an inverse mapping of (2.6)

Gl:y—u (2.14)

needs to be found. This inverse mapping allows a more direct and intuitive understanding
of how input adjustments relate to output errors. A simple choice of the learning matrix
L could be G~! by the use of the lifted system representation of the system (2.6), which
leads to the update law

w1 = Qu; + G ley) . (2.15)

However, this particular choice of the learning matrix has some difficulties that should
not be underestimated. First, the model is never known exactly, which can lead to large
errors of the inverse and unstable behaviour of the ILC. Second, G™! is problematic for
non-minimum phase systems, and third, G could be ill-conditioned and therefore lead to
numerical difficulties. Hence, a popular choice is to regularize the system inversion by
assigning

L:=(E+G)™!, (2.16)

where a > 0 is a small regularization parameter [2].

2.5 Norm-optimal ILC

Norm-optimal ILC eliminates the need to explicitly design a Q-filter and a learning filter L
that are typically required in traditional ILC approaches [12]. Here, the objective function
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2 ILC for discrete-time linear systems 2.5 Norm-optimal ILC 6

is formulated as

- 1o L r 1 T
min J(ujy1) = min gejp, Vejin + o4, Sty + 5 (0 — uy )R (i —uj)  (217a)

st. €41 =Y4—Yj+1=¢€;+ Guj — Guj+1 R (2.17b)

with the positive definite matrices V, S and R. By using the first-order optimality
condition

T
o0J
(au.ﬂ (uj+1)> = (GTVG + S+ R)ujp; — (GTVG +R)u; — GTVe; =0, (2.18)
J
the update law is written equivalently to the linear ILC (2.10) with

Q=(G'VG+S+R) HG'VG +R) (2.19a)
L=(G'"VG+R)'G'V . (2.19b)
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3 ILC for continuous-time linear systems

In comparison to Chapter 2, this chapter considers a single input, single output (SISO)
continuous-time LTT system of the form

Xj (t) = AXj (t) + buj (t) N Xj (O) = X (31&)
yi(t) = cTx;(t) (3.1b)

where x;(t) denotes the state for the j-th iteration with the initial condition x;(0) = %,
u;(t) the control input and y;(t) the output for all j € Ng. Here A € R™*" stands for
the dynamic (or system) matrix, b € R™ for the input vector and ¢ € R" for the output
vector. This introductory chapter lays the foundations for the methods developed in a
more general framework in the following chapter.

Remark 2. This chapter focuses exclusively on the SISO (single input, single output)
case to maintain notational simplicity. This choice enhances clarity, facilitates a solid
foundation for understanding core concepts, reduces mathematical complexity, and allows
easier visualization. Still, the ILC strategies presented in this chapter are not restricted
to the SISO case and can be extended to the MIMO case. For the same reason, the time
argument t is omitted when the context implies its presence.

3.1 LQT-based ILC

One main disadvantage of the norm-optimal ILC is that it uses the lifted system repre-
sentation and, therefore, it is computationally expensive for increasing trail lengths T
or decreasing sampling times T [12]. Furthermore, unstable plants must be stabilized
before applying ILC methods of the form (2.10). These disadvantages can be bypassed
by deriving the ILC update law from a linear quadratic tracking (LQT) problem [12].
Therefore, the optimization problem, with the positive weights F', Q and R, can be written
as

. 1 1 /T
min J(vj11) = (e Fei)],_p + */ ej+1Qej+1 + vjt1 Ruji dt (3.2a)
vj41(7) 2 2 Jo
s.t. Zj+1 = AZj+1 + ij+1 (32b)
R R T, . T . T, . _ . T, .
€j+1 = Yd — Yj+1 = Yd — C Xj + € X;j — C Xji1 = €j — C Zjy (3.2¢)

where z;11 = X;y1 — x; describes the difference over the iteration of the state and
Vj+1 = ujy1 — u; the difference in the control input. The Hamiltonian for the LQT-based
ILC formulation is given by

1
H = i(eerj — 2ZJT+ICQ63' + Z]T+1CQCTZ]'+1 + Uj+1R’Uj+1) + )\T(AZj+1 + b’UjJrl) (33)
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3 ILC for continuous-time linear systems 3.2 Flatness-based ILC 8

Using the optimality conditions [14], it follows that

OH “ .
%(Uj_i'_l) = R'Uj+1 =+ bTA ; 0 (343)

OH * T * * x ! \

*

(3.4b)

Due to readability, the star (-)* for the optimal solution is dropped. A closer look at
(3.4b) shows that the co-state differential equation depends on the state of the j + 1-st
iteration, which is not available for all ¢ at the time when (3.4) has to be solved. Therefore,
the Ansatz function [13] for the co-state

A= SZj+1 +g (3.5)

is introduced. By differentiating the Ansatz function with respect to time and setting it
equal to (3.4b), it follows that

A= SZj+1 + Sij+1 +g < —CQCTZj+1 + Cer — ATSZj+1 - ATg . (36)

This leads to the well-known Riccati differential equation for S and the feedforward

differential equation for the external forcing term g in the form
S=-SA—-ATS+SbR 'bTS —cQc" (3.7a)
g = (SbR'bT — AT)g + cQe; (3.7b)

with the terminal condition

g(T) = —cFe;(T) . (3.8b)
Inserting (3.5) into (3.4a) leads to the ILC update law

Ujr1 = Uj — RfleSZj_H - Rfleg . (3.9)

feedback term feedforward term

To summarize the algorithm of the LQT-based ILC, (3.7a) and (3.7b) have to be solved
with the corresponding terminal conditions (3.8a) and (3.8b) in order to calculate the
feedback and feedforward terms. In this formulation, the feedforward term implies the
knowledge of the tracking error e; from the previous iteration. The solution of the Riccati
differential equation S is fixed over the iterations, and the external forcing term g has to
be recalculated after every iteration. For the zeroth iteration, x_i,u_q and y_; are set to
zero, and therefore, the ILC update law implies the classical LQT formulation of [13, 14].

3.2 Flatness-based ILC

As seen in the previous sections, the ideas of norm-optimal ILC in Section 2.5 naturally
transfer to continuous-time systems using the LQT formulation. Since ILC strategies
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3 ILC for continuous-time linear systems 3.2 Flatness-based ILC 9

intrinsically try to invert the system’s behaviour approximately, it seems worthwhile to
investigate connections to system inversion and trajectory planning methods for nonlinear
systems such as flatness-based methods [16]. In this section, these techniques are applied
to linear systems and extended to nonlinear Al-systems in the following chapter. Therefore,
the following definition is introduced:

Definition 3.1 (Relative degree of a linear SISO-system [16]). The linear SISO-system
(3.1) is said to have the relative degree r if

(i) cTA'b =0, Vie[0,r—2] and
(ii) cTA™"'b # 0
This leads to the definition of a differentially flat system where » = n. What makes
these systems particularly interesting is that all their system variables, including both
states and input variables, can be expressed as functions of a special output variable and

its time derivatives. This special output variable is called the flat output in this context.
This requirement for the flat output z = ATx yields the linear system of equations

AT [b, Ab,...,Anﬂb,A“*lb} — [0,0,...,0,a £ 0} . (3.10)

=R(A,b) =aeT
If the reachability matrix R(A,b) is of full rank n, it follows that
AT = aeTR(A,b)™! (3.11)

Since the definition of a flat output only depends on o # 0, it follows that z = ATx is not
unique. To transform the system into Brunovsky normal form, one has to introduce the
following linear state transformation

z 21 AT
z Z9 )\TA
z = ) =|.|= . x=Tx. (3.12)
Z(n—l) Zn ATAnfl

Therefore, the linear system from (3.1) transforms to
2 = ATA"T 'z + au
z(0) = zp = Txp € R" (3.13)
y=c'T 'z.

Hence, the states x, the input v and an arbitrary output y can be parametrized by the
flat output z and its time derivatives as

x=T"'z
1

u=— (—)\TA"T_lz + z") (3.14)
«

y=ATT"'z .

This inverse system builds the base to build up a flatness-based ILC.
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3 ILC for continuous-time linear systems 3.2 Flatness-based ILC 10

3.2.1 LQT for linear flat systems

First, the dynamical optimization problem

m(igl J(u) (3.15a)
st. x=Ax+bu (3.15Db)
y=c'x, (3.15¢)
with
n—1 Tn 1
J(u) = ( doe )ZQ ke ’“) / (@) 4 M) gt (3.16)
=0 =0 t=T
=p(x(T))
where @); > 0 and
e® =y _cTAx | Vie[o,n—1] (3.17a)
( ) y((in) TAnX . CTAn—lbu ’ (317b)

is introduced, where the system is flat concerning the output y. The question arises if the
optimization problem from (3.15) could be solved by the well-known Ansatz function [14]
for the co-state

A=Sx+g. (3.18)
By differentiating the Ansatz function (3.18) with respect to time and setting it equal to
(3.39b), it follows that

A:Sx+sx+g

1 (3.19)

IS (1) _ T A T T .. T
This leads to the Riccati differential equation for S and the feedforward differential

equation for the external forcing term g, which are given in the following theorem.

Theorem 3.1 (Solution of the Riccati equation for linear fully reachable SISO systems).
The solutions of the Riccati differential equation

. 1 2
_ AT T
S=-SA-ATS+ (cTA”—lb) Sbb's
1 n—1 (3.20)
T AN n\T T i T A
+ T (Sbe™A™ + (A")Teb"S) — ?:o:(A) cQicTA

and the feedforward differential equation

. 1 2 T 1 n\T T T

(3.21)

1 'L
—mey -I-Z (A") Cszd )
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3 ILC for continuous-time linear systems 3.2 Flatness-based ILC 11

are given by

n—1 n—1
S=> (AYTc> Qe A (3.22a)

i=0 k=0

n—1 ) n—1 )

g=> (AYTcS Qi (3.22b)

i=0 k=0

if

Qi +2Qii-1 — Qin-1Qn-1,=0, Vi€ [0,n—1] (3.23a)
Qik—1+Qi1k — Qin-1Qn-1x =0, Vike[0,n—1]andi#k (3.23b)
Qik = Qi - (3.23¢)

Proof. Before beginning the proof, the following identity is introduced.
Lemma 3.2. The following equation holds true

bT(A" H)Tec=bT nf(Ai)Tc . (3.24)
=0

Proof. In order to prove the identity (3.24), the first point of the relative degree Defini-
tion 3.1, i.e.,

c'(AYb=0, Vielo,r—2], (3.25)

is used. Since r = n, it directly follows

|
—

bT nf(Ai)Tc 3 (cTAZ‘b)T = bT(A" HTc . (3.26)

1=0 %

I
o
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Inserting (3.22a) into (3.20) leads to

n—1 n—1 n—1
S — ZO Az c kz Qz kCTAkJrl ZO(AiH)TC kz Qi,kCTAk
i= 0 7 =0

1 2n—1 ] n—1 n—1 ] n—1
+ (CTAn—1b> Z(AZ)TC Z Qi,chAkb b' Z(Al)TC Z Qi,kCTAk
k=0

1=0 k=0 =0

(3.24) (3.24)

an 1CTAn 1p bT(Anfl)Tc

1 n—1 ) n—1 n—1 ] n—1
+ A% Y (ANTe > Qikc™AFD cTAM + (AM)Te b > (AN e D Qi pcTAF
i=0 k=0 i=0 k=0
“: 24)Qz n—1cTA""1b (Si@bT(A”*l)Tc
n—1

(AHTcQ;cTA!

T
_.o

n—1
Al (¢ Z Qz k—1C Ak z;(AZ)TC kZ: Qi,LkCTAk
i= =0

k=1

M

T
_.o

(Al Can IZQn 1kc

+
1]

=0 k=0
n—1 n—1
+ Z(Ai)TCQi,n—ICTAn + (An)Tc Z anl,kCTAk
=0 k=0
n—1
(AHTcQicTAT | (3.27)
=0

by extracting the n-th summand of k£ in the fourth last row, it can be seen that they are
equal with the second last row, and therefore, it follows that

M |

n—1 n—1
S A"L CZ Qlk‘ 1C Ak Z(AZ)TC Z Ql’*l,chAk
=0 1 k=0
ZL | = (3.28)
Al Y Z Qz n-1Qn—1 kC TAF - Z(Ai)TCQiCTAi ; 0.
=0 =0

Extending the first summation to k = 0 where @; —1 = 0 and the second one to i = 0
where Q1 = 0 and factorizing the corresponding expressions cTA* . it follows that

n—1

— !
Z Z Qz k—1+ Qz 1,k — Qi,n—lQn—l,k) TAk = 0
k=0
; (3.29)
n—1
D (AN Qi + Qi1 + Qi1 — Qin—1Qn—1,)c A’ =0.

=0
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For the feedforward term g, equation (3.22b) is plugged into (3.21), which leads to

M |

n—1 n—1
Az c Z Qz n—1Qn—1 kyd - Z(AZ)TC Z Qi—l,kyc(ik)
i=1 k=0

7

I
;O

— . (3.30)
(Al) cQin1y" +Z (AHYTeQiyl = 3 (AN Qiryl

=0 =0 1=0 k=1

similarly to (3.29). Moving the right-hand side of this equation to the left and applying
the same extension as before, it follows that

n—1 n—1
= > (AYTe > (Qip—1+ Qi1 — Qin—1Qn—1 k) Mo,
i=0

¢ k=0
7 (3.31)
n—1
: !
N Z(AZ)TC(QZ' + Qiji—1 + Qi—1i — Qin—1Qn—1,i) ((1) =0.
i=0

Therefore, from (3.29) and (3.31) it follows that (3.22a) and (3.22b) are solutions of (3.20)
and (3.21) iff

Qi+ Qi1+ Qi1 —Qin-1Qn-1,=0, Vie[0,n—1] (3.32a)
Qik—1+Qi—1kp — Qin-1Qn-1x =0, Vike [0,n —1] and i # k (3.32b)

Since the Riccati differential equation (3.20) is symmetric, i.e., ST = S, it follows that the
solution must be symmetric and therefore Q; = Q.- O

From Theorem 3.1, it could be seen that there exists a solution for the Riccati differential
equation and the feedforward differential equation. Inserting these solutions in the Ansatz
function (3.18) leads to

HZI( ) c nil Qi k (ya(,k) - cTAkx)
n—llz T n—]i:O n—1 o -l
=Y (AY) e X QircTAFx =D (AT) e Qi (3.33)
=0 k=0 i=0 k=0
=Sx =g

Furthermore, it could be seen that for the given optimization problem (3.15), the Riccati
differential equation has to be static. This leads to the following theorem.

Theorem 3.3 (Flatness based control law for a linear system). Assume the linear SISO-
system (3.1) has a relative degree r = n. The unique solution of the optimization problem
(3.15) is given by the control law

1 ( Tang o (), K (k) _ T Ak
u= — —c A"x+vy; + Qn-1kly; —c A'x 3.34
(cTAn~1b) d ;;) ! (d ) (3.34)
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and the solution of the co-state differential equations

i
L

A=— ( TAZ) ZQM( - TAkx) , (3.35)

=0
iff
Qi +2Qii-1 — Qin-1Qn-1,=0, Vie[0,n—1] (3.36a)
Qik—1+Qi—1r —Qin-1Qn-11x=0, Vi ke [0,n—1] and i # k (3.36b)
Qik = Qi (3.36¢)
with Q; > 0.

Proof. For the optimization problem (3.15), the Hamiltonian function follows as

Zy szd _2X (AZ) Cszd +x (Az) CQZ TAZ
+y( )y( " 9y {MeT Anx — 24V T A" by + xT(A")TecT Amx (3.37)

+2xT (A" TecT A" by + ubT (A" HTec"A" tbu| + AT(Ax + bu)

For optimality [14], the following relations must hold in the interval 0 <t <T

T
o = (?i(x*,u*,A*)) , %*(0) = %0 (3.389)
T T
A= _@Z(x*,u*,,\*)) , AN (T) = (SZ) (x*(T) (3.38b)
0= %Z(x*,u*,)\*) , (3.38¢)

with x; = x(T"). For readability, the star (*) for the optimal solution is dropped in the
following. From (3.38) it follows

X Axtbu (3.39a)
n—1
\ = T NSO B T ; T 1T
A= ;(A) CQz(yd c Ax) (A (CTA" D) (A™)'cb ))\ (3.39b)
S S NI S (n)
v= (CTAn—1b>2b A+ (CTAn—lb)( ¢ A"X 4y, ) . (3.39¢)

Introducing the Ansatz function for the co-state differential equation in the form

— T = 1

Z( TAZ) > Qik (yc(zk) - CTAkX) ; (3.40)

1= k=0
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has been shown to be a powerful choice since the optimization problem (3.15) can be
solved analytically. To show this, this Ansatz function is inserted into (3.39b), from which
it follows that

A= Z:l(AZ) ch( o _ TAix)

1=0
1 n—1 T n—1

+ (AT _ m( ) bT) Z( TAZ) Z Q’i,k,‘ (yc(lk) _ CTAkX>

o = (3.41)
= 3 (A)TeQi (5 — <"AX) + 3 (AT Te Z Qir(u — T ARx)

i= 1=0

1 n—1 ] n—1 k

— #(A”)chT (AHTe N Q;, y( ) — cTAMx) .

(cTAn—1Db) ;0 =~ ’“( d )

By the use of Lemma 3.2, the co-state differential equation for optimality (3.41) can be
further simplified to

n—1 n—1

A= 30 (ANTeQi (s — cTAX) + 3 (AT Te Sa K1) - cTAkx)
i=0 =0 k=0
1 N n—1 ;
L i SN
G201 An-1)Te
. . | n onel (3.42)
= (AN eQi(yy — c"Ax) + (A e Y Qi (v - c"AMX)
i=0 i=1 k=0
n—1
— (A e > Quori (vl — T AMx)
k=0
n—1 ) ) ) n—
_ (AZ)Tch(yy) —cTA’x) Z (A CZQZ M,( TAkx> .
i=0 i=1 k=0
Differentiating (3.40) with respect to time yields
=— i AHTe Z Qi k ( (D) _ (TARHIx cTAkbu) . (3.43)
=0 =
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Inserting the control input u from (3.39¢) leads to

A== (A" Qir (yd ) CTAkX)
=0 k=1
n—1 - n—1 _— 1 Tnfl . n—1 *) _—
+ Q2 (A")"c ZQi,kC A"b +mb Z(A) CZQi,k(yd —C AX)
i=0 k=0 i=0 k=0
G290, 1 1cTA-1b G20pr(An-1)Te
1 TAng o M
+'Gﬁ?g;jgj(—c A_X-¥yd >>
n—1 n—1 n—1 n—1
== (AN Qin (y((ik) - CTAkX) +) (AN D Qin-1Qn-1 (yc(lk) - CTAkX) :
i=0 k=1 i=0 k=0

(3.44)

Subtracting equation (3.42) from (3.44), the coefficients Q; 5, required in (3.34) can be
found. Therefore, the first summation of the last line in (3.44) is extended to k = 0 where
Qi,—1 = 0 and the second summation of the last line in (3.42) to i = 0 where Q_; 1 = 0.

By factorizing the corresponding expressions (yék) — cTAkx), it follows that

n—1 n—1

=Y (AT e (Qip-1 + Qim1k — Qin—1Qn—1,) (yék) - CTAkX) =0, (3.45a)
EE
n—1

- Z(AZ)TC(Qi + Qi1+ Qi—1i — Qin—1Qn—1) (yflk) — cTAkx> Lo, (3.45b)
i=0

must hold and, therefore

Qi+ Qii—1+ Qi1 — Qin—1Qn-1,=0, Vie[0,n—1] (3.46a)
Qik-1+Qi1k— Qin-1Qn-1£=0, Vike[0,n—1]andi#k. (3.46Db)

The next step is to check if the terminal condition is satisfied by the Ansatz function
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(3.40). Therefore, the final cost term is differentiated with respect to the state, i.e.

0 . n—1 T
(8:1 <3X1 ( —c'A Xl) kzz:o Qik (yc(lk) (T) - CTAle))) (3.47a)

[ Z ZQk( )c (3.47D)

=0

ni: (Al) Z Qin (v (1) — <" AMxy) (3.47c)
=0

+ nf cTA'x, nf Qi (Ak)Tc] (3.47d)
=0 k=0
L[~/ 0 TaiL ) 2 T

=5 [— (yd (T)—c A xl) Z Qi k (A ) c (3.47e)

=0 k=0

_ nl(Ai)Tanl Qi (v(1) - cTAkxlﬂ . (3.47f)

=0 k=0

Since Q; 1 = Qi (see, Theorem 3.1), it finally follows that

o T n—1 AT n—1
<8;P> (x1)=X(T) = Z (A ) c Z Qik (yc(lk) _ CTAkx) (3.48)
' =0 k=0 =T
The last step now is to insert (3.40) into (3.39¢), which leads to
1 n n—1
u = m <—CTAnX + y((i ) + Z Qn—l,k (y((ik) _ CTAkx)> , (349)
k=0
since
1bT7Lz:1<Ai)T ni:lQ. ( (k) _ T Ak )
(cTA"—1b)2 . ¢ ik\Yd c X
1= k=0
G201 (An-1)T¢ (3.50)
L\ (k) k
= T
- m ZQn—l,k(yd —c A X) .
k=0
O

From this point, the nature of the chosen Ansatz function (3.33) and the optimization
problem can be seen. Tacking in mind Bellman’s principle of optimality [14],

An optimal policy has the property that no matter what the previous decision (i.e.,
controls) has been, the remaining decisions must constitute an optimal policy with regard
to the state resulting from those previous decisions.
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it becomes clear what the solution of the co-state differential equation means. Therefore,
the final cost term must be chosen in such a way that the optimal policy can reach that
cost. Furthermore, it states clearly why the Riccati differential equation must be static.
Therefore, constructing the optimization problem in the way proposed in (3.15) has the
advantage that it eliminates the need to solve a Riccati differential equation. This allows
solving the optimization problem analytically, bypassing the Riccati differential equation,
simplifies the solution process, reduces computational complexity, and provides a direct
analytical path for solving the optimization problem.

The following examples show the principle of how the coefficients @);  from Theorem
3.3 are calculated.
Example 3.1

The following example calculates the coefficients @; ; for a linear flat SISO-system with
n = 1. Since the dimension of the system is n = 1, only the condition (3.46a) has to be
used, which leads to

Q0,0Q0,0 = Qo , (3.51)

and therefore

Qoo = VQo - (3.52)

Inserting the solution into the control law (3.34) and applying it to the system leads to
the exponential stable error dynamics

é=—v/Qoe (3.53)

Example 3.2

The following example calculates the coefficients @; j for a linear flat SISO-system with
n = 2. Due to the dimension of the system n = 2, all three conditions (3.46) have to be
used, from which it follows that

Qo — Q0,1Q10=0 (3.54a)

Qo0 — Qo,1Q1,1 =0 (3.54b)

Q1+ Q1o+ Qo1 — Q71 =0 (3.54c)
Qo0 — Q1,0Q11 =0, (3.54d)

must hold. By subtracting (3.54d) from (3.54b) it follows that Qo1 = Q1,0. Applying
this result to (3.54a) leads to Qo1 = Q1,0 = v/Qo. From the third equation, it follows

that Q11 = /Q1 + 2v/Qo and from equation (3.54d) that Qoo = vQo\/ @1 + 2vQo.
Inserting the solution into the control law (3.34) and applying it to the system leads to

the exponential stable error dynamics

dlel 0 1 e
i)~ v —jarvavay i) 559
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3.2.2 LQT-based ILC for linear flat systems
By taking in mind that the inversion-based ILC law from (2.15) which reads as

ujy1 = uj + Lej |

an intuitive guess, by the use of Theorem 3.3, would be

1 . n—1 %
Uj41 = Uy + m <—CTA (Xj+1 — Xj) + Z anl,k (yfj ) — CTAka_H)) (3.56)
k=0

This should motivate the following problem. From Theorem 3.3, it follows that the
flatness-based trajectory following control law is optimal in the sense of minimizing the
tracking error up to order n. This idea is utilized here in order to build an ILC update
law. Therefore, the dynamical optimization problem is formulated in an iterative setting

as
min_ J(u;41) (3.57a)
ujt1()
s.t. Xj+1 = AXj+1 + buj+1 (357b)
Yit1 =c¢'Xj41 (3.57¢)
with
u]+1 ( Z 6]+1 Z Qz kej+1>
t=T
=p(x;41(T)) (3.58)
+5 / ZejJrlQl j+1 ( ]+1 6§”))(6§?1 —eﬁn))dt
and
el =yl —<TAX 1, Vie[o,n—1] (3.59a)
eg-n) = yc(l’j) —ctA"x; — cT A" 'bu; (3.59b)

(n) (n)

6j+1 — yd,j+1 — CTATLX]'+1 — CTAn_lij+1 . (359C)

Here, compared to the LQT-based ILC from 3.1, the iteration dependency is formulated
slightly different to build a general framework that can be applied to nonlinear systems.
Therefore, the desired trajectory yC(Z} is chosen iterative dependent. This has the advantage
that the optimization problem does not have to be formulated in the state difference over

the iterations. Solving this problem leads to the following Theorem.
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Theorem 3.4 (Flatness based ILC update law for a linear system). Assume the linear
SISO-system (3.1) has a relative degree r = n. The unique solution of the optimization
problem (8.57) is given by the control law

1 " " n—1 L i
Ujt] = m (—CTA Xj+1 + y((i ) + kz:% Qn-1k (yz(i,]?—l-l —cTA Xj+1>> (3.60)
with . . .
yc(l,j?+1 = yc(z,} +y) —cTARx; . Vke[on—1] (3.61)
and the solution of the co-state differential equations
S (AN SR 0 (o) T A
A=— Z (c Al> Z Qik (yd,j—i-l —c A x) , (3.62)
1=0 k=0
iff
Qi +2Qii-1 — Qin-1Qn-1,=0, Vie[0,n—1] (3.63a)
Qip—1+ Qi1 — Qin1Qn-11=0, Vi,ke[0,n—1] andi#k (3.63b)
Qik = Qkyi » (3.63c)
with Q; > 0.

Proof. For the optimization problem (3.57), the Hamiltonian function follows as

[zt . . . . .
H= 9 [ Z yég-ﬂQiny}H - 2X;'F+1(AZ)TCQ2'?/S,;+1 + X;'F+1(AZ)TCQ%'CTAZXJ+1
i=0
+ Ay((in) (Ayc(ln) — 2cTA"xj+1 — 2cTA"_1buj+1 + 2cTA”xj + 2CTA”buj)
— jT+1(An)TC<—CTAan+1 — 2cTA”*1buj+1 + 2cTA"xj + 2CTA”buj)
- ujTHbT(A“_l)Tc(—cTA”_lbujH +2¢TAx; + 2CTA"buj> (3.64)
+ x;r(A”)Tc(cTA"xj + 2CTA”buj>
+ u;rbT(A”_l)chTA”buj]
+ )\T(AXJ‘+1 + ij+1) s
with Ay, =y, j+1 — Ya,; - By applying the optimality conditions it follows

Xj+1 = AXj+1 -+ ij+1 (365&)

n—1
A=) (A) e (yc(l,;'—f—l —c'A Xj+1) - (AT - m(A )TCbT)A (3.65b)
=0

1 1 n e
uis =~ aran g At gran gy (¢ AT (s = x) + Ayl + cTA ;)

(3.65¢)
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To proceed with the analysis, an Ansatz function for the co-state differential equation,
similar to the one used previously, is introduced as

A=— HZOI(Ai)Tc:Zl Qk(yg;) - cTAkxjH) . (3.66)
1= =0

Inserting the Ansatz function into (3.65b) leads to

n—1 n—1
\ i i i i k
A=) (A)TeQ; (y,(jgﬂ c'A Xj+1) +) (AN Qi (yc(w)“ - CTAka—H) ;
i=1 k=0
(3.67)

similarly to the optimal co-state differential equation form (3.41) and (3.42). Differentiating
the Ansatz function (3.66) with respect to time yields

A= Z (AHT¢ Z Qin (vl — T AR x4y — T AFbu; ) (3.68)
=0

By substituting the control input ;41 from (3.65¢) and using (3.66), it follows that the
differential equation for the co-states derived from the Ansatz function is written as

n—1 n—1
- Z(AZ)TC Z Qi,k*l (yc(i]j:])_;’_l - CTAka+1)

M |

AZ c Z Qz n—1Qn—1 K (yd ])+1 CTAkxj—i—l) (369)

T
- O

- (A i)TCQi,n—l (Ayc(ln) - y,%)ﬂ + cTA"xj + CTA"buj) .
i=0

3

By taking a closer look at the third part of (3.69), especially at Ay(n) — y((inj) at+ cPA™x; +

cA"bu; and comparing it with it (3.67), it follows that
AP o+ ST A + A L0 3.10)
in order that the Ansatz function (3.66) is a solution for the optimal co-state differential

equation (3.67). Enforcing that yg? 1= yc(ln) leads to

Ay(n) = yc(ln) — cTA"xj — CTA”ij , (3.71)

and therefore to
(n) (n) A (n) _ (n) (n) TA s — ¢TA"bus 3.79
deH ydj + Ya de + Yy C X;—¢C Uj . ( . )

Using the flat parametrization (3.12), it follows that

oy =) Ay =0 ) — Ay, Vieon-1].  (3.73)

Inserting (3.72), (3.73) and the Ansatz function (3.66) into (3.65¢c) leads to (3.60). The
coefficients @; j, of the Ansatz function (3.66) and the final condition for the co-state can
be derived similarly to the proof of Theorem 3.3. O
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The ILC law (3.60) is indeed equivalent to the intuitive guess (3.56), i.e,

1 n—1 .
UL = U T ATy (CTA”(XJH =)+ > Quov (45 - CTAka+1)) :
k=0
:éy-?l
To show this, one has to start with the zeroth iteration, where
é(()k) = yc(lk) —cTAFxg . (3.74)

Therefore, the control law for the zeroth iteration follows as

1 T T = (k) T Ak )
uy = u_1+ —c"A"xg+c A"x,—i—g n— —c A%x . (3.75

Here, cTA™x_; = yc(ln) is chosen in order to get the optimal solution of the LQT problem
for linear flat systems for the zeroth iteration. However, it should be noted at this point
that this is not necessary for the algorithm itself and that this is an assumption to the
system of the —1-st iteration. For similar reasons, u_; is chosen to be zero. To proceed
with the first iteration, it follows

1 n—1
U =U+ —cTA"™(x; — xq) + Z Qn—1k yc(lk) —cTAFx, ,  (3.76)
(c'An=lb) =0 ~
B — oK)
=Ya,0
and inserting the zeroth iteration from (3.75), leads to
1 n—1 i A
Ul = e | € AT+ yén) +> Qu-1 yf,g + yc(l ) cTAFxy —cTAFx,
(ctAn—1b) = ’
a —y®
=Ya,1
(3.77)

Repeating this schema to the j 4+ 1-st iteration, it finally follows

1 n—1 f
U1 = (T ATy (_CTAanJrl ) 3 Quorn (y((i,}H - CTAkaH)) , (3.78)
k=0
with
k k k
oty =8+l - TARx; (3.79)
From this point, the nature of the ILC can be seen. The so-derived ILC algorithm

summarizes the trajectory error over the iteration. In other words, it approximates the
mean plant’s dynamic behaviour.
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3.3 Flatness-based ILC with observer

This section presents a method for the case that not all states of the system can be

measured, but only a noisy measurement of the output is available. Therefore, a state

observer for the not-measured states has to be used. For this case, the system is assumed

in the form

X i+1 = Ax i+1 + bu i+1

! L (3.80)

Yj+1 = C Xj41

where x;1 € R" is the state and y;41 € R is the output. Furthermore, the system is flat
concerning the output y;1. Therefore, the system can be transformed into

21,41 = 22,541

(3.81)
én,j—i-l = CTAnT_1Zj+1 -+ CTAn_lij+1
by the use of the diffeomorphism
cT
cTA
Zj+1 = . Xj+1 - (382)
cTA(n—1)
—_———
=T
Introducing the error in the form
0
1
Ya
Zej+l = Zj+1 — : . (3.83)
-1
gy Y
——
=ya
leads to the observability canonical form (Brunovsky normal form)
01 0 ... 0
Z1e,j41 00 1 .. ol]Fest 0
d | 22e,j+1 o | | #2541 0]
& = |: S . Uj4-1 (384)
00 0 ... 1
“ne,j+1 0 0 0 ) 0 Zne,j+1 1

with Gj41 = ¢ A" T (2e j11 +ya) + ¢ A" Tbujy — yc(ln). From this equation, it can be
seen that the error dynamics can be written as

Zej11 = Az ji1 +bij + Gwin (3.852)

Yej+1 = € Zejit +jt1 (3.85D)
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with an additional process noise w;;1 € R" in order to model a stochastic model plant
mismatch and the measurement noise vj41 € R. We assume the process noise to have zero
mean, i.e., E(wj;1) = 0, and the correlation E(w;11(7),w;41(t)) = Qd(t — 7), which is
symbolized as wjy1 ~ (0,Q). The measurement noise vj11 € R is assumed to have zero
mean as well, i.e., E(vj41) = 0, and the correlation E(vj41(7),v;41(t)) = RI(t — 7), which
is symbolized as vj41 ~ (0, R).

Remark 3. The question arises of whether it is possible to estimate the states of the
system directly. Transforming the system to the observability canonical form is necessary
to construct a general framework that can also be used in the nonlinear case. Additionally,
it has some advantages in the linear case as well. To apply stochastic optimal Kalman
filtering, the stochastic disturbance must be Gaussian with zero mean. For this reason a
mean-free system is introduced. Therefore, the physically modelled system is assumed to be
the ground truth since it is the best we have. The unmodelled plant dynamic, induced by
model plant mismatches, is thus assumed to be Gaussian with zero mean concerning the
nomainal system. This might only be true approzimately since the derivative of a Gaussian
distribution is not Gaussian anymore.

The goal now is to construct a state observer for the system given in (3.85). Following
[17], one can use a linear observer of the form

Zeji1 = Aeji1 + by + K (ye,j+1 - CTie,jH) ; (3.86)

where the stochastic optimal choice for kf is given by a Kalman filter [17], which can be
written as

k/ = P/c(R)™ (3.87a)

: r < T

P/ = AP/ + P/AT + GQGT — K/ R(kf> (3.87b)
é£+1 = Ai_‘;il*l + by + k! (?/j+1 - éTiLl) ) (3.87¢)

with the initial conditions

2],1(0) = 2j41(0) (3.87d)
P/(0) =Py . (3.87¢)

From Theorem 3.4, it follows that the optimal flatness-based ILC, in order to minimize
the error up to order n, with full state information, is given by

1 . " n—1 i
U1 = (T A Ty (—CTA xj1+ 5" + Y Quov (Vi1 — CTAka+1>) , (3.88)
k=0
and the trajectory update law as
k k k
w0 =y — AR ke (on-1]. (3.89)
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Since the trajectory update law (3.89) is calculated offline (after every iteration), it only
contains quantities from the last iteration j. Therefore, a Kalman smoother is used, which
can be written as [17]

K* = GQG™ (P’ )_1 (3.90a)
— (A+K)P 4+ P/(A+K") - GQGT (3.90b)
40 = A, K (5, -2, (3.90c)

with the final conditions

25, (T) = 2], (T) (3.90d)
P*(T) = P/(T) (3.90e)

The superscript (-)7 denotes the filter or forward-pass, and (-)® is the smoother. Since
the flatness-based ILC algorithm from Section 3.2 consists of an online (feedback) and an
offline phase, the estimations of the Kalman filter are used for the feedback part and the
estimations of the Kalman smoother for the trajectory update. Therefore, rewriting (3.88)
as

1 T A )8 TAkaf
uj+1:(cTA"1b)( A"x ]+1+y +2Qn 1k<ydj+1*(3 A j+1> (3.91)

and keeping in mind that

A(i—1 1 i—1
ze - y](’ikl M yc(ll )= cTATIR j+1 B yc(ll ) ) (3.92)
the observed error state can be written as
ct y(d)
T 1
c A Yg
2/ 141 = R (3.93)
T A (n—1) -1
cTA( y((in )
——
=T =Yd

From this point, it follows that the state can be written as
~ —1/(A
XL—l =T (Zf,jﬂ + Yd) ) (3.94)

and therefore (3.91) follows as

1 T Anm—1(sf (n)
R (Ab)<_ AT (2540 +ya) + i

(3.95)
+ Z Q@n-1 k(yd J+1 T c" AT (ijec,j-u + Yd))> :
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For the trajectory update, the Kalman smoother is applied to the error dynamics and
therefore

55 =T" (22, +ya) - (3.96)
From (3.89) it follows that
(k) (k) k 1/ )
902, = g0 4y _ Tk 1(Zg7j T yd) . Vie[o,n-1], (3.97)

which can be written in vectorized form as
A S oS &S
Vaj+1 =Yd; — Zej - (3.98)

The ILC-update law (3.95) and the trajectory update law (3.98), which is calculated in
the offline phase (after every iteration), build up the centrepiece of the flatness-based ILC
with an error observer. However, ILC laws also need to deal with repetitive disturbances.
Therefore, the process noise w41, in general, is no longer white Gaussian noise anymore
but a coloured process noise that can be incorporated in this approach by filtering white
noise, see, e.g., [17].

Remark 4. Keeping in mind that the control law (3.95) is equivalent to the intuitive
guess (3.56), it follows that the Kalman smoother in the iteration-dependent trajectory is
related to the learning filter L from the discrete-time case.

3.4 Example

This section shows the results presented in this chapter on the example of the spring-
mass-damper system given in Figure 3.1 with the mass m = 1kg, the damping coefficient
d = 1kg/s, the spring stiffness k¥ = 1kg/s?, and the external force F. By applying
Newton’s second law, the state space representation follows as

ilij - [_Ok _1d] Bj + [?]H l?] Fy, x(0) =% (3.99a)

m m m m

and the output as

z1
y = [1 o} L/’?] . (3.100a)
Here, the input u of the system is given as a force F', and Fj is the external disturbance,
acting on the center of gravity (cog). The system is flat concerning the output of the
system y, which represents the position of the cog with respect to the given coordinate
system. The desired trajectory for each iteration can be seen in Figure 3.1b and, the
disturbance Fj, which is activated after 10 iterations acting in the same direction as F’,
can be seen in Figure 3.1c. Figure 3.2 shows the Ls norm of the tracking error for the
presented ILC strategies. In Figure 3.2a, it can be seen that the LQT-based ILC has
the ability to suppress the external disturbance, which is applied to the system after the
10-th iteration. As it could be seen in Figure 3.2b, the tracking error of the flatness-based
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021
(a) Schematic representation of a spring mass 2
damper system. g0
— 1 1 1 J
%0 1 2 3 4

time in s

(c) External disturbance force Fy(t).

Figure 3.1: Schematic representation, desired trajectory, and applied disturbance.

ILC algorithm converges way faster than the LQT-based ILC. Figure 3.2c shows the
flatness-based ILC with an error observer. Here, it can be seen that in the first iterations,
before the disturbance is applied, the norm of the error decreases to a value smaller than
that of the flatness-based ILC. This could be due to numerical errors that occur due to
the discrete nature of the simulation. These errors could be reduced since the trajectory
update has the potential to minimize errors due to the Kalman smoother’s ability to
estimate states without introducing phase shifts. After the disturbance is applied to the
system, the flatness-based ILC with error observer does not converge to the same value as
before applying the disturbance. This is due to the unmodelled disturbance in the observer
since the disturbance is modelled as a stochastic disturbance with zero mean. Therefore,
to get rid of this behaviour, one could extend the error observer by a disturbance observer
and a first-order Markov process [14] as described in Section 3.3, which leads to the
convergence behaviour in Figure 3.2d. The corresponding control inputs are depicted in
Figure 3.3 to show that these comparisons are fair. Here, it can be seen that they look
qualitatively similar for the 0-th, 10-th, and 50-th iteration.
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(a) LQT-based ILC with full state information. (b) Flatness-based ILC with full state informa-
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Figure 3.2: Comparison of the convergence behaviour of different ILC algorithms.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

3 ILC for continuous-time linear systems

3.4 Example 29

Control input in N

time in s

(a) LQT-based ILC with full state information. (b)

5 — o :
— U10 A
Z Us0
= ?
= SR
Z 0
=
3
=
3
O —5F
I I I J
0 1 2 3 4

time in s

Control input in N

1 1

time in s

Flatness-based ILC with full state informa-
tion.

— U
—U10
Us0

Control input in N

1 1

time in s

(c) Flatness-based ILC with error dynamics ob- (d) Flatness-based ILC with error dynamics and

server.

disturbance observer.

Figure 3.3: Comparison of the control input of different ILC algorithms.
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4 ILC for nonlinear Al-systems

This chapter considers a single input, single output (SISO) nonlinear affine input system
(Al-system) of the form

X;(t) = £(x;(t)) + g(x;())u;(t) x;(0) = xo (4.1a)
y;(t) = h(x;(t)) , (4.1b)

where x;(t) denotes the state for the j — th iteration with the initial condition x;(0) = xo,
the control input w;(t), and the output y;(t) for all j € N. Here f(x;(t)) € R™ and
g(x;(t)) € R™ are both smooth vector fields and h(x;(t)) € R is a smooth function.

Remark 5. This chapter focuses exclusively on the SISO (single input, single output)
case to maintain notational simplicity. This choice enhances clarity, facilitates a solid
foundation for understanding core concepts, reduces mathematical complexity, and allows
easter visualization. Still, the ILC strategies presented in this chapter are not restricted
to the SISO case and can be extended to the MIMO case. For the same reason, the time
argument t is omitted when the context implies its presence.

4.1 LQT-based ILC

This section presents how the LQT-based ILC from Section 3.1 can be extended to systems
of the form (4.1). Therefore, the system is linearized around a given trajectory (X, ).
For this reason, the system variables and the output variable are expressed as small
perturbations around this trajectory as

X; = X + Ax; (4.2a)
uj = U+ Au; (4.2b)
y; =9+ Ayj . (4.2¢)
Inserting (4.2) into (4.1) leads to
X+ Ax; = (% + Ax;j) + g(% + Ax;) (@ + Au) , x;(0) =%+ Axjo  (4.3a)
7+ Ay; = h(x + Ax;) . (4.3b)
Applying the second-order Taylor formula and neglecting higher-order terms yields
5 . . . (Of - 0g _. _ -
X+ A% =f(X) + g(X)u+| 7= (X) + = (X)a | Ax; + g(X)Au; (4.4a)
—_— 0x ox
~ .. Oh, _
7+ Ay; = h(x) +—— (%) Ax; (4.4D)
— Ox
=4
30
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and the linearization of the system around a trajectory (X, u) can be written as

Ax; = A(t)Ax; + b(t)Au; , Ax;(0) = Axj 0 = X0 — X (4.5a)
Ay; = ¢ (t)Ax; (4.5b)
with
Al = T %)+ Bz, b(t) = (%) . (4.50)
cl(t) = %(f{) . (4.5d)

For the sake of readability, time dependencies are left away in further investigations. Let
us assume that (x4, uq) is a trajectory of the system (4.1) for the desired flat output yg.
Using the linearization around this given trajectory, the iteration-dependent error system
yields

Af(jJrl - Akj =A AXjJrl - AX]' + b AUJ‘+1 - Auj 5 Zj+1 == Xj+170 - Xj70 5
—_— —_—— — ——
=Zj41 =Zj+1 Vi+1
(4.6)

with the tracking error
ej+1 = Yd — (Ya + Ayji1) = —Ayjq1 - (4.7)
—_———
=Yj+1

The optimization problem for the LQT-based ILC, with the positive weights F', Q) and R,
can be written as

. 1 1 /T
vmln J(Uj+1) = §(€j+1F€j+1)‘t:T + 5/0 €j+1er+1 +vj 1 Rujde (4.8a)
+1(:
s.t. Zj+1 = AZj+1 + b?]j+1 (48b)
ejr1 = —Ayjp1 = cLAx; — cTAx; — cTAxj 44 (4.8¢c)
=€ — CTZj_H (48d)

where zj11 = Ax;j1 — Ax; describes the difference over the iteration of the state and
vjy1 = Aujr1 — Auy the difference in the control input. Solving this optimization problem
is fully equivalent to (3.2), except that the iteration-dependent error system is time-variant.
Hence, to utilize the algorithm of the LQT-based ILC for nonlinear Al-systems, (4.1) has
to be linearized around a given trajectory (X4, uq). By the use of this linearization, (3.7)
has to be solved backwards in time with the corresponding terminal conditions (3.8). In
this formulation, the feedforward term implies the knowledge of the tracking error e; from
the previous iteration. The solution of the Riccati differential equation S is fixed over the
iterations and the external forcing term g has to be recalculated after every iteration. For
the zeroth iteration, Ax_1, Au_1, and Ay_1 are set to zero, and therefore, the ILC update
law implies the classical LQT formulation of [13, 14] applied to nonlinear Al-systems.
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In order to construct the iteration-dependent error system, the system matrices have to
be identical over the iterations. In other words, the system must be linearized around
the same trajectory (X4, uq) for each iteration j to apply the error evolution over the
iterations. Therefore, the question arises if it is possible to improve the performance of
LQT-based ILC by not simply linearizing the system around an initial trajectory for each
iteration j, but by linearizing around the trajectory (X;,@;) of the last iteration. For this
reason, the system variables and the output variable are expressed as small perturbations
around this trajectory as

Xjr1 = Xj1 + Axjp (4.9a)
Ujt1 = Uj1 + Aujr (4.9b)
Yir1 = Jjr1 + Ayjir - (4.9¢)

Applying a linearization of the system around the trajectory (X;j;1,%;41), the linearized
system follows as

. of g , . - -
Axjy1 = (a(XjJrl) + a(XjJrl)UjJrl) Axjy1 + g(Xj+1) Auj (4.10a)
X X ——
:A]’+1 :bj+1
oh , .
Ayj+1 = 5 (Rj+1) Axjir - (4.10p)
—_——
T
1

Similar to the linearization around a fixed trajectory, one has to construct an iteration-
dependent error system that yields
AXj.H — Ai(j = Aj+1AXj+1 — AjAXj + bj+1Auj+1 - bjAuj s

(4.11)
Axj1,0 = AXj0 = Xj+1,0 = Xj0 -

In comparison to (4.6), the linearized states Ax;y; and Ax; could not be factorized in
order to construct a linear iteration-dependent error system, since the system matrices
are iteration dependent. To construct an iteration-dependent error system, the system is
linearized again. Therefore, the system variables and the output variable are written as

Axj1 = Axj + Azjq (4.12a)
%11 =%+ Azjy (4.12b)
Auji = Auj + Avjpq (4.12¢)
Ujpr = Uj + Avjy (4.12d)
Ayjr1 = Ay; + Agj (4.12e¢)
Uiv1 =95 + Dejrn (4.12f)
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where Az;;q describes a small variation over the iteration for the linearized state, Av;q
for the control input, and Aej4q for the output. Inserting (4.12) into (4.10) leads to

) . of  _ g , . _
AXj + AZJ'+1 = (aX(Xj + AZj+1) + a%(Xj + Azj+1)(uj + A’UjJrl)) (AX]' + AZ]'+1)
(4.13a)
+ (% + Azgar)(Au; + Avgy1) (413b)
oh , _
ij + A8j+1 = 87X(Xj + AZj+1)(AXj =+ AZj+1) . (4130)
Applying the second-order Taylor formula to (4.13), it follows that
. . of . 08 . 5
AX]' + AZj_H = (8X(X]) + 8X(X]’)’LL]')AX]' + g(xj)Auj (4.14&)
Ax;
of  _ g, -
+ (ax(xj) + ax(xj)uj)Az]H + g(%;)Avjat (4.14b)
o . O, .
+ AX]T (ax2(xj) + 8X2(Xj)uj> Azjiq (4.14c¢)
9g .
+ afx(Xj)(AXjAvj_H + Azj_HAuj) (4.14d)
oh , _ 0?h ,_ oh , _
ij —+ A5j+1 = 8—X(Xj)AXj —{—AX']'T@(XJ')AZJ;;_I + &(Xj)AZj_H . (4146)
A
Yi

Assuming the second-order terms to be small, the Taylor approximation (4.14) can be
written as

. 1
AZj+1 = AjAZj+1 + bjAUj+1 5 Azj+1(0) == AZJ’JFI’O = E(XJ'JFLO - va()) (415&)
AEj.H = C;PAZj_;,_l (4.15b)
with
of g, . .. -
Aj = 5 (%)) + 52 (%)45, b; = g(x;) (4.15¢)
oh , _
cj = a—x(xj) : (4.15d)
with the tracking error
€j+1 =Yd — Yj+1 = Ya — | Jj+1 TAYj+1 | = —Ayjs, (4.16)
~—

~Yd
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Therefore, the optimization problem for the LQT-based ILC with trajectory evolution,
and the positive weights F', @ and R, can be written as

T

A J(Avj) = %(€j+1F€j+1)’t:T + % /0 ejr1Qejr1 + Avjp1 RAvj 11t (4.17a)
st. Azj1=AjAzj 1 +bjAvj (4.17b)

ejr1 = —Ayj = —Ay; — Ay (4.17c)

=ej — chAsz (4.174d)

where Az, 1 = Ax;11 — Ax; describes the difference over the iteration of the state and
Avji1 = Aujpq — Auy the difference of the control input. The Hamiltonian for LQT-based
ILC with trajectory evolution is given by

1
H = §(eerj — ZAZJTHchj + AijchchTAsz + Avj 1 RAvj41)

(4.18)
+ A‘;I(A.jAZjJrl + bjA’UjJrl)
Using the optimality conditions, it follows that
OH * * * % !
oH * T * x\T * * * N \

For readability, the star (*) for the optimal solution is dropped in the following. In order
to construct differential equations for the co-state that are independent of Az;q, the
standard Ansatz function [14] for the co-state

Aj = SjAzji1 +g; (4.20)

is introduced. By differentiation, the Ansatz function concerning time and setting it equal
to (4.19b), it follows that

\ : . .
Aj =8S;jAzj 1 +SjAzj 1 +85 = —Cch;rAZj_H +c;jQe; — A;rSjAZj_H — A;rgj . (4.21)

This leads to the well-known Riccati differential equation for S; and the feedforward
differential equation for the external forcing term g; in the form

S; =—S;A; — AfS; +S;b;R'bS; — ¢;Qc; (4.22a)
gj = (SjbjR_lb]T — AJT)gj + CjQEj (4'22b)
with the terminal condition
Sj (T) = (Cch;-F) ’t:T (4.23&)
g;j(T) = (¢jFej)|,_p - (4.23b)



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 ILC for nonlinear Al-systems 4.1 LQT-based ILC 35
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O control ———~O~ plant Yit1

Figure 4.1: Structural diagram LQT-based ILC.

Inserting (4.20) into (4.19a) leads to

AUj+1 = AU]' - Rilb]TSjAZj_H - Rilb]rrgj . (424)

feedback feedforward

The only difference between (4.8) and (4.17) is that in (4.8) the system is linearized
around the trajectory (X, %) and in (4.17) around (X;,@;). In (4.17), the evolution of the
trajectory around which the system gets linearized is given by

)~(j+1 = )Nij + AZ]'_H (4.25&)
ij_H == ﬂj + AU]‘_H . (4.25b)

Implementing this algorithm is equivalent to the implementation of (4.8), except that the
linearization around the derived trajectory and solving the Riccati differential equation
must be done after every iteration. However, in both approaches it is not a priori clear
how to choose (X,u) or (Xg,p). An approach to do so could be to solve a trajectory
optimization problem or by using a flatness-based strategy, which is related to the next
section. Compared to the linear LQT-based ILC from Section 3.1, the Al system has to be
stabilized by a controller, which was unnecessary in the linear case since the LQT-based
ILC implies the LQT-problem for the zeroth iteration and therefore stabilizes the system.
In the nonlinear case, the system is linearized around a given trajectory, and therefore,
the system must operate close to this linearization and thus be stabilized. The structural
diagram of the algorithm can be seen in Figure 4.1.
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4.2 Flatness-based ILC

This section extends the idea that the centrepiece of ILC strategies lies in the model
inversion, as presented in Section 3.2 for Al-systems of the form (4.1). Additionally, the
algorithm developed within this section drops the need to stabilize the plant with an
additional controller like in Section 4.1. Therefore, this approach combines the ILC update
law and the controller design within one framework. First, similar to Section 3.2, the
relative degree of an Al system is defined in the following definition.

Definition 4.1 (relative degree SISO Al-system [16]). The SISO Al-system (4.1) is said
to have the relative degree r at a point X € X if

(i) LgLih(x) =0, Vi € [0,7 — 2] and all x in a neighborhood of X ,

(ii) LLi (%) # 0

All system variables of differentially flat systems, including the states and the input
variables, can be expressed as functions of a particular output variable and its time
derivatives, especially in the SISO case up to order n. Such an output variable is called a
flat output [16]. As seen in Definition 4.1, a flat output has to fulfill higher-order partial
differential equations. As mentioned in [16], the higher-order partial differential equations

can be reduced to first-order partial differential equations as follows. First, a recursive
form of the Lie brackets [16]

adfg(x) = [f,adf 'g|(x) , (4.26)
with the Lie bracket [16]
og of
[f,g](x) = Leg(x) = 2 °f — g, (4.27)
has to be introduced. With the help of these operators and the relationship
Lig g AM(x) = LeLgA(x) — LgLeA(x) , (4.28)
the higher-order partial differential equations
LgA(x) =0,
LgLeA(x) =0,
(4.29)

LeLy ?A(x) =0,
Lol 'AX) =a #0
can be transformed to first-order partial differential equations of Frobenius type [16]
LgA(x) =0,
Ladfg(x)A(X) =0,

(4.30)
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Following the presentation in [16] and starting from LgA(x) = 0 and LgLgA(x) =
directly follows that

Ladeg(x)A(X) = Lg LgA(x) — LgLeA(x) =0 . (4.31)
=0 =0

Therefore, it follows

Lad?g(X)/\(X) = L[f,adfg(x)](x))\<x)
= L¢ Ladfg(x)A(x) _Ladfg(x)Lf)\(X)
—

=0 (4.32)
= — | Le LgLeA(x) —LgLLeA(x) | = LiA(x) =0 .
=0 =0

This scheme can be repeated to obtain the remaining relationships of (4.30). The existence
of a solution A\(x) of (4.30) can be proven by the following Theorem.

Lemma 4.1 ([16] Existence of an output with relative degree r = n). A solution A\(x) of
the first-order partial differential equations (4.30) in a neighborhood of X exist, if

(i) the matriz {g, adsg, .. ., ad?_lg} (X) has rank n and
(ii) the distribution D = {g,adsg, ..., ad?_Qg} is involutive in a neighborhood of X.
In this case, the system is called exact input-state linearizable in a neighbourhood of X.

Proof. The proof of Lemma 4.1 can be found in [16]. O

If (4.1) satisfies Lemma 4.1, the first-order partial differential equations (4.30) can be
solved for z; = A\(x) and therefore

z=|.|= : = ®(x) (4.33)
Zn Ly A(x)

is a diffeomorphism. With the help of this transformation, the Al-system from (4.1) can
be transformed to

21222

tn =LA (@71 (2)) + ou (4.34)
z(0) = z9 = ®(x¢) € R"
y= )\(<I>_1(z)) .
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Hence, the states x, the input u, and an arbitrary output y can be parametrized by the

flat output 2z and its derivatives as
x =& (z)
1
- —Ln_1>\ @71 (n)
U a( £ ( (z)) + z )
y= )\<<I'_1(z)) .

This inverse system builds the base to set up a flatness-based ILC.

4.2.1 Optimal tracking problems and the relation to flat systems
First, the dynamical optimization problem

min  J(u

nit (u)

st x=f(x)+gx)u

= h(x) ,
with
L& 0=, 0 LTS i) 4 ) ()
J(u):<2§e ;}Qiyke )t_T—I— /0 ge Qic\ + e\™Me\™ dt

where @); > 0 and
O )~ Lihix). e
) — 4~ Lph(x) — Loy h(x)u

is introduced, where the system is flat concerning the output y.

(4.35)

(4.36a)

(4.36b)
(4.36¢)

(4.37)

(4.38a)
(4.38b)

Theorem 4.2 (Flatness-based control law for an Al-system). Assume the nonlinear
SISO-system (4.1) has a relative degree r = n. The unique solution of the optimization

problem (4.36) is given by the control law

1 ny =
(—L?h(x) + y((j ) > Qn-tk (yék) — ngh(x)>> ,

U= -
LgLy th(x) =

and the solution of the co-state differential equations

n—1 Tn—1
9 i k
A== 2 (ki) Y Que(uld - Lk
im0 \Ox k=0
if
Qi +2Qii-1 — Qin-1Qn-1,=0, Vie[0,n—1]
Qik—1+Qi1k — Qin-1Qn-1,=0, Vi,ke€[0,n—1] andi#k
Qik = Qkyi »
with Q; > 0.

(4.39)

(4.40)

(4.41a)
(4.41D)
(4.41c)
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Proof. For the optimization problem (4.36), the Hamiltonian function follows as

[Zyd Qut —2(Lih(x)) Qi + (Lih(x)) QiLih(x)

n n n n n— T n n n
+ gy = 2LEh(x) Ty — 2u(Tglf T h(x)) y” + (LEh(x)) " LEA(x)

(4.42)
T
— 2(Lfh(x)) " LgLy~ h(x)u + u (Ll h(x)) LgL?lh(x)u]
+ AT (F(x) + g(x)u)
For optimality [14], the following relations must hold in the interval 0 < ¢ < T
.k 8H * * * T *
i = (ax( A )) , x*(0) = %o (4.43a)
N = (Gebanx) X1 = (52) er)  (as)
aH * * *
O—%(x Jut A (4.43c)

In the following investigations, the star * for the optimal solution are omitted in the
following derivations. From (4.43) it follows

x = f(x) + g(x)u (4.44a)
n—1 .
=3 (Z1ineo) @sf) - 1ineo) (4.44b)
) T ) T 1
_ <8Xf(x)) (a Th(x )) 7L” e T(x)])\ (4.44c)
—uK ) ( LoLr 1k ))TLgL?_llh(X)gT(x)])\ (4.44d)

= = X ;_ n (n) o
ey 1h( FE8 COA ey (LG + ™) (4.44c)

In order to find an analytic solution for the co-state differential equation the Ansatz
function is introduced as

S 2 i) SR o (0B
A= 3 (i) 3 Que( - éneo) (1.45)

=0
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Inserting the Ansatz function into (4.44d), it follows that

A= Z( )Qz(yd ~ Lih(x))

| ()~ () i)
g (iL}h(x)) : :z:é Qik (yc(lk) - Llfh(x)) (4.46)
fu (;{g(x)>T - (af(LgL?—lmx))ngT(x)]

n—1 Tn—1
> (;;Llfh(x)) ]E) Qi (yc(lk) - L’f“h(x)) .

=0
Before continuing the proof, the following identities are introduced.

Lemma 4.3. The following statements are identical

(gt e = (i nen) = (o) (nineo) caam

(;22 Lih(x )) g(x)u = u(aaXLngh(x)>T — u(i{g(x))T(i ’gh(x)>T (4.47b)
n—1 b T
Lol 'h(x) = g7 (x) Z( = Thh(x )) . (4.47¢)

Proof. In order to proof (4.47a), one has to start with

S0 = o ((oeniho) ) )
_ fT(x)aa;Lgh(x) + (iL%h(x)) aaxf(x) |

The desired result follows from moving the second part of the right-hand side to the
left-hand side and transposing both sides. To prove the second identity (4.47b), one has
to start with

(etatino )u= (5 ( (o0 )26 Ju
— ugT(x >< 7 Linx >> + (euh0) (o860 Ju

The desired result follows from moving the second part of the right-hand side to the
left-hand side and transposing both sides. In order to prove the third identity (4.47c), the
first point of the definition of the relative degree

(4.48)

(4.49)

Lglih(x) =0, Vi€ [0,r—2], (4.50)
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is used. Since r = n, it directly follows

T

n—1 T n—1
8700 Y (oLihx) = 3| (2Lih(o) gt | =Lelihix) . (451)
; 0x ; 0x

=LgLih(x)

O

In order to proceed, the Ansatz function (4.45) is differentiated with respect to time,
i.e.,

A= nf <ax2 gh(x)> (F(x) + g(x)u) nf Qin (v — Lin(x))
i=0 k=0
S (2 ine0) S 0 (6 - (2 ko ) (5x) + gou
;(8)( ) ZQZ ( <afoh( ))(f( )+ 8(x) )).

Expanding the first summation and using of the identities (4.47a), (4.47b), rearranging
the second summation, and inserting the control law u from (4.44e) with the inserted
Ansatz function (4.45), it follows

o5 (o) () (o)) S 1)
oS (Ggtatinen) - () (Gtin) ) S auul? i)
—Zl aiLh )TnZlek( FY - L ()

0 ; T n—1
+. <afoh(X)) ];OQi,kLngfh(x) <

(4.47¢)

(4.52)

Q“L 1LgL" h(x)
1 . N n—1 o T n—1 .
Tt TR e ( )%(8X ) Zsz( —L{'h(x))

(4'i7c)LgL;1— Lh(x)

1 n (n)
+ m(—Lf h(x) +y4 )) .

(4.53)
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Using (4.47c) and rearranging the terms, it finally follows that

A= (( 2 p(x >)T - (;{L?M@)TMgT(x))

5 (i) S0l - 1410)

1=0
0 T o . T 1
+u((axg<x>) ~ (GuLelihi) LgL?_lh(X)gﬂx))
n—1 n—1
;(; )TZsz( ~ L{h(x)) (4.54)
+n_1(8xL’fh )THZIQM 1Qu-1 k(v — L))
=0
n—1 Tn—1
_Z[:)(aiyfh ) Zsz 1(yd — L{h(x ))

_ f*(iuh@))“;@i_l,k (" - i)

By subtracting equation (4.46) from (4.54), the coefficients @Q; j, can be found. Therefore,
the second summation of the second last line of (4.54) is extended to k = 0 where Q; —; =0
and the first summation of the last line to 7 = 0 where Q_; = 0. By factorizing the

corresponding expressions <y((ik) — L’f?h(x)), it follows that

_E(aax Zf"h(x))TnZ_:l(Qi,k—l“'Qi—l,k Qin—1Qn— 1k)( M Lh(x )) =0

i=0 k=0
ik (4.55)
() i !
- Z( ) (Qz + Qz i—1+ Qz 1,2 Qi,n—lQn—l,i)( —L h( )) =0 )
must hold and, therefore
Qi+ Qiji—1+ Qi—1,i — Qin—1Qn-1,,=0, Vie[0,n—1] (4.56a)
Qik—1+Qi—1p — Qin-1Qn-11 =0, Vi, ke [0,n—1] and i # k . (4.56b)

The next step is to check if the terminal condition is satisfied by the Ansatz function (3.40).
For the sake of readability, the time dependency (7') is left away in the next step. To see
if the analytic solution matches the final condition, the final cost term is differentiated
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with respect to the state, i.e.
e\ " o (142 @ n—l ® T
(6){) - <8x (2 Z (yd - th(x)) Z Qik (yd - th(X)>>> (4.57a)
R T
- 2{ ZO Z sz( )) (4.57b)
; ol T
- Z;) <8x %h(x)) ICZ:% Qik (y,(ik) - L’f“h(x)) + ;} Lih Z Qi k( LEn( ))

1 n-l i ; n-1 o T

2 {_ go (v~ Lih(x)) g} Qik <6XL’f“h(X)> (4.57¢)
nl, 5 Tn-1

- ; <8x %h(x)) kz:% Qin (v - L’f“h(x))} . (4.57d)

Since Q; 1, = Qi (see, Theorem 3.1), it finally follows that

(?DT =AT) = <§ <£< %h(X))TgQi,k(yék) —L’;h(x))>

i=0
In the last step, (4.45) is inserted into (4.44e) and using (4.47c) one obtains

(4.58)

=T t=T

1
= TGy (—L?h( +uy” + Z Qn-1 k( — Lkn(x ))) , (4.59)

The calculation of the coefficients @),,—1 1, is fully equivalent to the linear case and can be
seen in example 1 for n = 1 and in example 2 for n = 2. O

From Theorem 4.2, it follows that the flatness-based trajectory following control law is
optimal in the sense of minimizing the weighted tracking error given in the cost functional
(4.37).

4.2.2 Optimal tracking-based ILC for flat systems

This idea is utilized here in order to build an ILC update law. Therefore, the dynamical
optimization problem is formulated in an iterative setting as

min  J(ujq1) (4.60a)

ujt1(°)
st X1 = f(x541) + 8(xj41)uj41 (4.60b)
Yyjt1 = h(Xj1) (4.60c)
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with
L ) TRy ()
J(ujy1) = (2 PCEIEDY Qi»kej—&-l)
=0 =0 t=T
=p(x;11(T)) (4.61)
tg N 1
o3 ST+ - -
and
el =y~ Lih(xj) . Vie[o,n—1] (4.62a)
e = y0 ) — Lih(xj41) — LgLi hixj1)uj (4.62b)
el = y{") — L¥h(x;) — LgLy ™ h(x;)u; . (4.62c)

Here, the iteration dependency is formulated fully equivalent to the linear case of Sec-
tion 3.2.2. Therefore, the desired trajectory yc(;g is chosen to be iteration-dependent. Now,
it becomes clear why the iteration dependency is chosen in this way. In the nonlinear
case, it is impossible to create an iteration-dependent state like in the LQT-based ILC
from Section 4.1 and Section 3.2.2. This is because the vector fields cannot be directly
compared with each other since they live in different tangent spaces. However, solving

this problem leads to the following Theorem.

Theorem 4.4 (Flatness-based ILC law for an Al-system). Assume the nonlinear SISO-
system (4.1) has a relative degree r = n. The unique solution of the optimization problem
(4.60) is given by the ILC law

1 ) k
i1 = —L¢h o n— L¢h(x; ,
Uj+1 LeL? Th(x;41) ( £h(xj1) 3/ ’;)Q 1 k(ydj+1 f (XJ+1)>>
(4.63)
with
B = y® ) php(x; Vk € [0,n—1 (4.64)
yd_j+1 ydj+yd f (X])v E[?” ] .
and the solution of the co-state differential equations
n—1 o .
A=-Y (axLZh Xi41 ) Z Qin (v 1 — LERGG 1)) (4.65)
i=0
iff
Qi +2Qii-1 — Qin-1Qn-1,=0, Vie[0,n—1] (4.66a)
Qik—1+Qi—1r —Qin-1Qn-1x=0, Vi ke [0,n—1] and i # k (4.66b)
Qik = Qi » (4.66¢)
with Q; > 0.
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Proof. For the optimization problem (4.60) the Hamiltonian function follows as

1 n—1 ; : ;
=3 [ Z yc(l,;'—&-lQiy((i,}—i-l - Q(th(xjﬂ)) Qlydj—H + (Lf (Xg+1)> QiLEh(xj41)
+ Ay )(Ay(") 2LE(x)11) — 2LgLi h(xj 1) w1 + 2LER(X;) + 2LgLy () )
— (LEh(xj41)) (—L?h(xjﬂ) — 2LgLf Ay )uji1 + 2LER(X)) + 2LgL?_lh(Xj)uj)
T n—1 T n—1 n n—1
— Ui (LgLf h(xj+1)) (_LgLf h(xj+1)uj+1 + 2LER(x;) + 2LgLg h(xj)uj)
+ (Lgh(x;)) " (LEh(x;) + 2LgLE hix;)uy)

T
+u; (LgL’;—lh(xj)) LgL?—lh(xj)uj]

+ AT (F(x)41) + g(xj51)uj41)

(4.67)
with Ayc(l ") yg? 41 yu(l j) By applying the optimality conditions it follows that

X1 = £(xj41) + 8(xj41)uj41 (4.68a)

G YA T o .
A= 3 (eLhCon) ) Qis — LihGxis) (4.68b)

=0
o) T oo T 1
— | ==f(x; — [ o=L{h(x, T(xj41) | A 4.68

[ R e e e (1.65¢)

0 T 0 n—1 T 1 T
i | (geetein)) — (geLeli i) g )| A (4680
1

(LgLf ™ h(xj+1))

1 (n) ~1
+ CLER(xi 1) + LER(x) 4+ Ayt + Lelt Vh(x;)uy) . (4.68f
LgL?_lh(Xj-i,-l)( f (x]+1) f (X]) y g-f (X])u]) ( )

u=— 5 gl (xj41)A (4.68¢)

To proceed with the analysis, an Ansatz function for the co-state differential equation,
similar to the one used previously, is introduced as

A=— :i;)l <aa XJ—H ) Z Qi k(ydj+1 h(xj+1)) . (4~69)
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Inserting the Ansatz function into (4.68d) leads to
A= Z( ) Qi(u) 41— Lih(xj1)

T T
+ [(;Xf(xjﬂ)) - <88XL?h(Xj+1)> L Lnllh(xjﬂ)gT(xjH)]

n—1
i—ZO (36 > Z Qik <yd 1T h(Xj+1)) (4.70)

1
LeLf " h(x 1)

-1 o
Z ((%{th Xj+1 ) Z Qlk(yd]+1 L]f?h(XjJrl)) .
1=0

9 ! 9 n—1 * T
g | (b)) —(aXLgLf b)) g (1)

Differentiating the Ansatz function (4.69) with respect to time yields

n—1 2 n—1

: 0

A== :(8}(2 th(xg+1)> (Fcj11) + 8O 11)41) D Qin (v )1 — LER( 1))
1=0 k=0

-1 o Tn—1 o
- (8}: (Xj+1) ) ZQH@( i ((%(Llfgh(xj-&-l))(f(xj-i-l) +g(Xj+1)Uj+1)> :

i=0
(4.71)

Expanding the first summation and the use of the identities (4.47a), (4.47b), rearranging
the second summation, and inserting the control law u from (4.68f), with the inserted
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Ansatz function (4.69), it follows

S ”il ((;{L?rlh(XjJrl))T - (aif(xjﬂ))T<£{Li‘h(xj+1))T>

i=0
:Z(l) Qik (yc(zl,?ﬂ - L]Fh(xj+1))
T P T, T
— Uj41 Z(( L Lf Xj+1)> — <8Xg(xj+1)> (axL%h(Xj_H)) >
Z Qi k(yd (X]+1))
_é1<5ax Xj+1) )TVSQM( Elkgill - (L]fﬂh(xjﬂ)))

n—1 T n—1
o .
+ (8)(L7i-h(x]'+1)) ZQi,kLgL]fch(Xﬁl) (

k=0

(4.47¢)
Qin—1LgLy ' h(x;41)

1 n—l/ 9 T n—1 -
(LgLy 'h(xj11))? g (xj41) > <8Xth (%j+1) > Z Qi m(ydg+l Lg h(xj+1)>
=0

(a.47¢) .
= Lglg lh(xj+1)

1
+ —
(LgLf 1h(xj+1))

(—Lih(xj1) + LEh(x;) + Ayl + LgL?‘1h<xj>uj>) '

(4.72)
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Using (4.47c) and rearranging the terms, it finally follows that

. 5 P9, ' L
o <<8xf(xj+l)> _<afoh(Xf“)> LgL?lh(Xj+1)gT(Xj+l)>

n—1 n—1
Z <88 h(xj+1) )T Z Qi k<?/dg+1 h(Xj+1))

i=0
%) T ) T 1
+u]+1<(axg(xj+1)) <8x gy (Xj+1) LgL?_lh(xjH)g (XJ+1)>
> (aXLth(XjH)) > Qi (yd7j+1 - th(xj+1)>
i=0 k=0
S ) (17
+ 2 (aXL}h(XjH ) Z Qin-1Qn—1k (yd,jH - Llfh(xjﬂ))
n—1 b Tn—1 )
_ Z(ax Lih(Xj41 ) Zsz 1 yd]+1 th(xj+1)>
i=0
n—1 b Tn—1 )
_ Z(ax Lih(X)41 ) ZQ@ 1Lk yd]+1 th(xj+1)>
=1
n—1 T n) (n)
+ ( h(xj41 ) Qin—1 Ayd — ydnjJrl + L{h(x;) + LgL?_lh(xj)uj)
i=1

By taking a closer look at the last part of (4.73), especially at Ayc(l ") _ y((inj)ﬂ + L{h(x;) +
LgLi 'h(x;)u; and comparing it with (4.70) it follows that

n n n— !
Ay( ™) yc(l,j)Jrl + Lfh(x;) + LgLy 1h(xj)uj =0, (4.74)

in order that the Ansatz function (4.69) is a solution of the optimal co-state differential

equation (4.70). Enforcing that yc(l J) = y(n) leads to

Ay =y — Lih(x;) — LgLi ™ h(x;)u; (4.75)
and therefore to
vt = U5+ Ayl =yl + oy — LEh(x;) — Ll h(x))u; - (4.76)

Using the flat properties from Definition 4.1, it follows that
yh =y + Ay =yl o) —Linxg) , vielon—1]. (4.77)

Remark 6. At this point, it should be noticed that yf{?H = y((jn) is an assumption since
the given trajectory update law exhibits a dead-beat behaviour and converges within one

iteration.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 ILC for nonlinear Al-systems 4.2 Flatness-based ILC 49

Inserting the Ansatz function (4.69) into (4.68f) leads to

- 1 nh(x m , B)  1hhix
= i (e 0+ s L)) 07

The coefficients Q;  of the Ansatz function (4.69), as well as the matching condition of
the final cost-term, can be derived similarly to the proof of Theorem 4.2. O

An intuitive choice for a flatness-based ILC law, similar to the linear case, would be

1 n n n —
Uit = Tty (— (LPh(xje1) — LER(x;)) +y0" + LgLp th(x))u;
glg ™ h(Xj11) 70
n—1 *) ( . )
+ Z Qn-1k (yd - L]f?h(xj—&-l))) .
k=0
Therefore, the control law for the zeroth iteration follows as
1 _
"o — nl( ~LPh(xo) + Lh(x_1) +LgLi h(x_1) u_
(LgL§ ™ h(x0) — 7
“Ya (4.80)

- nf Qi (v — L’;h(xo))) .
k=0

Here, L{h(x—1) = y((in) is chosen in order to get the optimal solution from Section 4.2.1 for
the zeroth iteration. However, it should be noted at this point that this is not necessary
for the algorithm itself and this is an assumption to the system of the —1-st iteration. For
similar reasons, u_; is chosen to be zero. To proceed with the first iteration, it follows

1

U = ——
L Ll Th(xy)

( — (LEh(x1) + LEh(xo)) + LgLg ™" h(xo)ug

(4.81)

n—1
+ > Qn-tik Z/((jk) —Lgh(x1) ) ;
prt ~—

_, (k)
=Y4,0

and inserting the zeroth iteration from (4.80), leads to

1 " n—1
uy = —— | ~Lfh(x1) + g 4 > Qu-1 ygfg + o) — Lh(xo) ~LEh(x)
LeLg™ h(x1) k=0
=5
(4.82)
Continuing this idea to the j + 1-st iteration, it finally follows
L O )
Ujp1 = —L{h(x11) + + ne . — L§h(x; ,
7+1 Lngilh(XjJrl) < f ( ]+1) Ya ];)Q 1,k (yd,j+1 £ ( j+1))
(4.83)
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with
o = o o —Lkn(xy),  Vkelon—1].
| Lo (4.84)
—&F)
J

Therefore, the ILC law from (4.78) and (4.79) are equivalent for the given assumptions.
From this point, the nature of the ILC can be seen. The so-derived ILC algorithm forms
a summation of the trajectory errors over the iteration. In other words, it approximates
the mean plant’s dynamic behaviour.

4.3 Flatness-based ILC with observer

This section presents a method for the case that not all states of the system can be
measured, but only a noisy measurement of the output is available. Therefore, a state
observer for the not-measured states has to be used. For this case, the system is assumed
in the form

Xjr1 = f(x41) + g(Xj41)ujp

(4.85)
Yir1 = h(xj41) ,

where x;1 € R" is the state and y;41 € R is the output. Furthermore, the system is flat
concerning the output ;1. Therefore, the system (4.85) can be transformed into

21,41 = 22,5+1

(4.86)
. _ TN —1 n—1 —1
Znjr1 = th(q’ (Zj+1)) + LglLg h(‘I’ (Zj+1))uj+1 ;

using the diffeomorphism
h(xj11)

th(X ‘+1)
Zj+1 = . ! . (487)

Lg~ " h(xj41)
—_———
=@(xj+1)

Introducing the error in the form

Yd

"
Zej+1 = Zj+1 — . ; (4.88)

ygn—l)

——
=Yd
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leads to the observability canonical form (Brunovsky normal form)

01 0 0
; W o0 1 o) | 8

2,j+1 2.j+1 R
Bl e I T I R g, (4.89)
dt 00 0 | :

Zen,j+1 00 0 0 Zen,j+1 1

with ﬂj—l—l = L?h(q)_l(ze,j—i-l + }’d)) + LgL?ilh(Q_l(Zedq_l + Yd))Uj+1 - yc(ln) From this
equation, it can be seen that the error dynamics can be written as

Zejl = AZejr1 + bujp + Gwjipg (4.90a)

Yeji1 = C Zejt1 + 011 (4.90b)
with an additional process noise w;;1 € R" in order to model a stochastic model plant
mismatch and the measurement noise vj;1 € R. Assuming the process noise to have zero
mean, i.e., E(wj;1) = 0, and the correlation E(w;11(7),w;+1(t)) = Qd(t — 7), which is
symbolized as wj1 ~ (0,Q). The measurement noise v;41 € R is assumed to have zero
mean as well, i.e., E(vj41) = 0, and the correlation E(vj41(7),v;41(t)) = RI(t — 7), which
is symbolized as vj11 ~ (0, R). The goal is to construct a state observer for the system
given in (4.90). Following [18] and [19], one could use a linear observer of the form

Zej1 = Aleji1 + bl + K (ye,j+1 - CTie,jH) ; (4.91)
which is equivalent for a specific choice of 1(X;41) to a nonlinear state observer of the form
Xj1 = (X)) + 8(&jr0)un + 1&j1) (i1 — h(%j41)) - (4.92)

Following the presentation in [19], this can be shown by differentiating the diffeomorphism
(4.87) with respect to time, which leads to

A a N A
Zj11 = (aX‘I’(XjH))XjH : (4.93)
By inserting (4.92) it follows that
. a ... ) 0 ... .
Zj11 = (8X(I’(Xj+l)>f(xj+l) + (&((I'(Xj+1)>g(xj+l)uj+l
5 (4.94)
(e Bi) ki) (5541 — b))
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The equivalence of (4.94) and (4.91) can be shown by using Definition 4.1 as follows.
Considering each row of (4.94) separately, it follows that

. o ) o )
241 = (axh(xj—i-l)>f(xj+1) + (axh(xj—l—l)>g(xj+1)

=L¢h(Xj41)=22,j41 =Lgh(%X;+1)=0

g . . . .
+ (ah(xj+1)>l(xj+1) Yir1 — h(Xj11) |
X —_——

- (4.95)
7 =%1,j41
:kl
s (s — 5
22541 = Z3541 + Kz (Yj41 — Z1541)
Enje1 = LEh(Xj1) + LeL™ (X1 )ujn + B (yj41 — 21541) -
Using the transformation (4.88), it follows that
Ze1j41 = Zeaji1 + k{ (Yj+1 — Zelj+1 — Yd) »
=Ye,j+1—2el,j+1
362,j+1 = Ze3,j+1 + k{(ye,j+1 - 261,j+1) )
(4.96)
2 _Tn -1 n—1 -1 n
Zen,j+1 = th(‘I’ (Zej1 + Yd)) + LgLy h(q’ (Ze,j+1 + Yd))uj+1 — Yy
=Uj41
+ kL (Yejo1 — Zerji1) -
Rewriting (4.96) in vectorized form leads to
Zeji1 = Alejy1 +blijer + k7 (ye,j+1 - CTie,jH) : (4.97)

which is equivalent to (4.92) with the particular choice of the nonlinear observer gain

(%) = <6‘9Xq>(§<)>

Remark 7. Now, it should be clear why the system is transformed into observability
canonical form as mentioned above. Using the transformation allows the use of a linear
observer and, therefore, the use of linear stochastic optimal observer methods. However,
this does mot imply stochastic optimality in the nonlinear case since the transformation
of Gaussian noise won’t be Gaussian in general. Again, the system is transformed into
tracking error coordinates (4.88) to receive a system with zero-mean deviation from the
nominal system. Additionally, it should be noticed that this observer is an exact linearizing

1
k/ . (4.98)

observer.
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The stochastic optimal choice for k', is given by a Kalman filter [17], which can be
written as

k/ = P/c(R)™! (4.99a)

- T

P/ = AP/ + P/AT + GQG™ — K/ R(K/) (4.99b)
é{—&-l = A2§+1 + bl +k/ (yj+1 - CT2§+1> ; (4.99¢)

with the initial conditions
#,1(0) = 2,41 (0) (4.99d)
P/(0) =Py . (4.99¢)

From Theorem 4.4, it follows that the optimal flatness-based ILC, in order to minimize
the error up to order n, with full state information, is given by

1 ), CHERT.
1= —L¥h(xi11) + + n— ! —Leh(x;
Uj+1 LgL?_lh(xj+1) ( £h( g+1) Ya kE::oQ 1,k (yd,jH £h( ]+1)>
(4.100)
and the trajectory update law as
k k k
y) o =) ) —Lbn(xp),  Ykelon—-1]. (4.101)

Since the trajectory update law (4.101) is calculated offline (after every iteration), it only
contains quantities from the last iteration j. Therefore, a Kalman smoother is used, which
can be written as [17]

—1
K° = GQG" (P/) (4.102a)
P = (A +K*)P* + P/ (A + K*)T — GQG” (4.102b)
B0 = Az, K0 (2, 20 ) | (4.102¢)

with the final conditions
2,1(T) = 21,,(T) (4.102)
P*(T) = P/(T) (4.102¢)
Here, the superscript (-)/ denotes the filter or forward-pass, and (-)* denotes the smoother.
Since the flatness-based ILC algorithm from Section 4.2.2 consists of a feedback and a
feedforward part, the estimations of the Kalman filter are used for the feedback part and

the estimations of the Kalman smoother for the trajectory update. Therefore, (4.100) is
implemented as

1
LeLi~'h(

Uj+1 =

n—1
- <ngh(&;ﬂ) ARSIV Lgh(ﬁgﬂp) |

(4.103)
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with

Gt =000 + o) —LER(x5),  veelon—1]. (4.104)

From this point, the observed states of the system can be derived from the observed error
state, which is written as

~ i—1 i—1 i—1
=g =y = Leh () =Y (4.105)

an therefore in vectorized form as

of
h(xj+1> Z{d)
N Lg Af+1 ydl
= ( ’ ) Sl (4.106)
. (n—1)
L?( £+1> Yd
=Yd
= (’A‘Ll)
which leads to
sl =@ (2], +ya) . (4.107)
Rewriting (4.103) with the observed states from (4.107) leads to
1 —1 Af
Uji1 = — N (—L?h(@ (Ze,j+1 +Yd>>
L Ln h<¢_1<Z£j+1 +Yd)> (4 108)

+yd +2Qn 1k(ydj+1_th((I) 1(2£»J+1+yd)>)> '

For the trajectory update, the Kalman smoother is applied to the error dynamics and
therefore

%5 =& (22, + ya) - (4.109)
From (4.104) it follows that
~(k S k — AS
i =0+ o) L@ (22,4 v4)) . VEEOn-1], (4.110)

which is written in vectorized form as

Vaj+1=Ya; +Ya— q’(‘I’il (223 + Yd)) Va; — Zej - (4.111)

The ILC-update law (4.108) and the trajectory update (4.111), which is calculated in the
offline phase (after every iteration), build up the centrepiece of the flatness-based ILC
with an error state observer. However, ILC laws regularly additionally need to deal with
repetitive disturbances as well.
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—qd
7C]d

>
3 Ga
3] 0.5+
‘GJ
=
=
3 J
()
705 1 1 1 j
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time in s

(b) Desired trajectory gq(t) for ¢1,4 and gz 4.
100 -

50 -

(a) Schematic representation of a planar manip-
ulator.

Disturbance in N m

_50 1 Il 1 J

0 5 10 15 20

time in s

(c¢) External disturbance 74(t).

Figure 4.2: Schematic representation, desired trajectory, and applied disturbance.

4.4 Example

This section applies the theoretical results presented in this chapter to the example of the
planar manipulator shown in Figure 4.2a. The model is derived using the Euler-Lagrange
equations. The detailed equations of motion are too extensive to present here in full detail.
Nevertheless, after deriving the equations of motion, the system can be written in Al
representation of the form

x = f(x) + g1(x)(u1 + 74) + g2(x)uz, x(0) = %o (4.112a)
y = yl] —h(x) = 5’71] . (4.112D)
Y2 T3

Here, the input uq of the system is given as the torque 7 around the zj-axis in a clockwise
direction and us as the torque ™ around the zs-axis. The external disturbance 74 acts
in addition to 7. The system is flat concerning the output of the system gy, which
represents the generalized coordinates ¢; and gs. The mechanical parameters can be found
in Table 4.1.

The system and the ILC strategies presented in this chapter were simulated in MAT-
LAB/SIMULINK. The desired trajectory for each iteration can be seen in Figure 4.2b.
The disturbance 74 (see Figure 4.2¢) is applied after the 10-th iteration, acting on the
system in the same way as u;. Figure 4.3 shows the Ly norm of all presented ILC
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my 1kg ma 1kg
Il 1kgm2 IQ 1kgm2
l1 1m ls 1m
lsl 0.5m ZSQ 0.5m

Table 4.1: Parameters of the mathematical model.

strategies. In Figure 4.3a, it can be seen that the LQT-based ILC has a slight increase
in the first iterations, which is suspected to stem from the boundary conditions of the
optimization problem. It has been shown that the choice of the terminal condition affects
the errors occurring during one iteration, which might be because the final conditions are
not reachable. However, after the disturbance is applied to the system, the LQT-based
ILC has the ability to suppress the error to a level comparable to the undisturbed case.
As it can be seen in Figure 4.3b, the LQT-based ILC with trajectory evolution, from
(4.17), does not have a direct advantage compared to the formulation without trajectory
evolution. In Figure 4.3c, it can be seen that the error converges way faster for the
developed flatness-based ILC scheme compared to the other strategies, ultimately reaching
a lower value. Figure 4.3d shows the flatness-based ILC with error observer. Here, it can
be seen that in the first iterations, before the disturbance is applied, the norm of the
error decreases to a value smaller than that of the flatness-based ILC. This is possibly due
to numerical errors that occur due to the discrete-time nature of the simulation. These
errors could be reduced since the trajectory update has the potential to minimize errors
due to the Kalman smoother’s ability to estimate states without introducing phase shifts.
After the disturbance is applied to the system, the flatness-based ILC with error observer
does not converge back to the same value as before applying the disturbance. This is
due to the model-plant mismatches in the observer since the disturbance is modelled as a
stochastic signal with zero mean. Therefore, in order to deal with this behaviour, one
could extend the error observer by a disturbance observer and a first-order Markov process
[17] as described in Section 4.3, which leads to the convergence behaviour Figure 4.3e. As
it can be seen, the error does not converge back to the value before applying the external
disturbance, but the peak value where the disturbance is applied and the final value are
lower by approximately the order of two. The fact that the error is not converging back
to the value before applying the external disturbance might be due to some remaining
unmodelled dynamics in the stochastic process. However, it can be said that convergence
behaviour is better compared to the flatness-based ILC without explicitly considering
the disturbance in the state estimator. The corresponding control inputs can be seen in
Figure 4.4 to show that these comparisons are fair, since it can be seen that they look
qualitatively similar for the 0-th, 10-th, and 50-th iteration.

In order to see the ILC strategies under more realistic conditions, Gaussian measurement
noise is added with a standard deviation of 1-107%rad and zero mean. The convergence
behaviour can be seen in Figure 4.5. Compared to the LQT-based ILC before, a zero-phase
low-pass filter is required to obtain a stable update law. This zero-phase low-pass filter
can be seen as a Q-filter analogous to the discrete-time case and, therefore, is applied to
u;. Again, it can be seen that the flatness-based ILC performs better than the LQT-based
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(e) Flatness-based ILC with error dynamics and
disturbance observer.

Figure 4.3: Comparison of the convergence behaviour of different ILC algorithms.

ILC since the error converges within one iteration.
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Figure 4.4: Comparison of the control input of different ILC algorithms.
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Figure 4.5: Comparison convergence behaviour with measurement noise.
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5 Laboratory helicopter

Figure 5.1: Schematic representation of a laboratory helicopter.

This chapter presents the implementation and the results of the flatness-based ILC
algorithm developed in Section 4.2 applied to the 3DOF laboratory helicopter from
Figure 5.1. A detailed derivation of the mathematical model is given in [20]. The contents
of this chapter were essentially, unless otherwise stated, taken from [20-22].

5.1 Mathematical model

As described in [20], the derived model is not a priori flat. Therefore, a model reduction
is applied, which reproduces the essential dynamics and nonlinearities. This leads to the

following Al-system

i) 0 i
0 g1(z3, xs5)
Xq + 0
f2(~’63) 92(1135)
Te 0
f3(z3, x5) . 0 ]
£(x) g1(x)
il .
| =h)
60

uy +

o O O o O

{&

g2(x)

(25 (5.1&)

(5.1b)
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ap || 0.3496tad/s*> | by || —0.6333rad/(kgm)
as || —1.1586rad/s? | by || —0.6501 rad/(kgm)
ag || —0.9035rad/s? | bg || 4.6244rad/(kgm)

Table 5.1: Parameters of the mathematical model [21].

with
fa(x3) = ay sinxs + ag cosxs (5.2a)
fa(xs,x5) = as cos xssin xs (5.2b)
g1(w3, r5) = by cosxzsin x5 (5.2¢)
g2(x5) = by cos xs (5.2d)
g3 = b3 (5.2e)

and the transformed inputs u; = f; + f, and us = f; — f. The geometry-dependent
parameters a; and b;, i = 1,2, 3 are given in Table 5.1.

5.2 Quasi-static state feedback

Following [23] and [20], a quasi-static state feedback for the system (5.1) of the form

= X1(Yd2; Yaz, Jaz: Y2 Y2 Y3 €2r) (5.3a)

Uz = XZ(yc(lil)?yc(liQ)aylayl7y27y27y37y.356115621> ; Vi € [074] (53b)

can be found by choosing the error dynamics as

00 = 3 Quen (0~ o) + Quo [ =yt (5.40)
=0 ———
=€1r
u =) + Z Qa,i+n) (v — ) + Q20 / (a2 — y2) dt . (5.4b)
1=0 |

=e27

Applying the idea of Theorem 4.4, the quasi-static state feedback can be utilized to obtain
an ILC law by choosing

~(4),f (4 f N ~
yE,J)—i— = c(ll?Js-l—l +ZQ1 i+1) (yd1)j+1 3/§ 3+1) +Q1,0/ (3/31,j+1 —?J{,j+1) dt  (5.5a)

=é171,j+1
N (2), . .
y§])+ =93 +ZQ2 i+1) (y((m),]ﬂ yﬁ“) JrQZO/ (yflzj—i-l _yg,j—&-l) dt, (5.5b)
1=0
=é21,j+1
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and therefore, the quasi-static state feedback-based ILC with an error observer is given by

_ ~s Xs N ~f X f A~ f N
Ul j+1 = X1 (yd2,j+1z Yd2,j+1> Yd2,j+1> Y2,541> Y2,54+15 Y3 5+1- 62LJ+1> (5.6a)

) . ~(i),s ~(1),s ~f ~f ~f < f ~f ~f
U2,j4+1 = XZ(ydLj_Fl?de,j_A,_laij-Fla Y1,+10Y2,5+10 Y2415 Y3 541 Y3 5+1>

e11,j+1,€2r,541) » Vi € [0,4] (5.6b)

with the trajectory update law

950 e = 0507 + vl — 0ty Vi € [0,3] (5.72)
Oy = 05+l — a8, Vie[0,1] . (5.7b)

The outputs y; and yo are estimated with the Kalman filter (-)f, Kalman smoother (-)*,
and the shaping filter as a first-order Markov process as derived in Section 4.3. The
quasi-static feedback ILC (5.6) has to be implemented, which deals with the information
of the current iteration and, therefore, is denoted as the feedback part. The trajectory
update law (5.7) is calculated during the offline phase (after every iteration), since it only
deals with information of the last iteration. Similar to the flatness-based ILC with state
observer from Section 4.3, the Kalman filter estimates the states, and therefore the output,
for the feedback part of the control law, and the Kalman smoother is used to estimate the
state (output) for the trajectory update law.

5.3 Simulation results

This section shows the simulation results of the laboratory helicopter in MATLAB/SIMULINK
with the ILC concepts designed in Section 5.2. In order to show the algorithm’s perfor-
mance, two test scenarios are investigated. In the first test, the elevation angle ¢ is set to
be zero. Therefore, the reduced model and the model derived from the Euler-Lagrange
formalism match quite well [23]. Since the model reduction is quite accurate for go ~ 0,
the second test scenario was chosen to increase those model discrepancies by varying gs as
well. Additionally, it has been shown in [23] that the system is only flat for ¢o = 0 and
therefore, this test scenario should show the power of the presented ILC algorithms.

Figure 5.2 shows the results for the first test scenario. For this test case, the desired
trajectory for each iteration can be seen in Figure 5.2a and the disturbance f;, which is
applied after the 10-th iteration, can be seen in Figure 5.2b. The external disturbance fy
is directly acting on the elevation angle as presented in Figure 5.1. As it can be seen in
Figure 5.2c, the ILC strategy from Section 5.2 can deal with the model plant mismatches
from the model reduction as well as with the disturbance. Figure 5.3 shows the results
for the second test scenario. Figure 5.3b shows the convergence behaviour for this case,
which leads to qualitatively similar results. Therefore, the quasi-static feedback ILC can
deal with the violation of the flatness condition that ¢o must be zero.
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Figure 5.2: a) Desired trajectory, b) applied disturbance fy4(¢) in N, and ¢) convergence
behaviour for the first test case.

5.4 Measurement results

This section presents the measurement results of the ILC presented in Section 5.2 applied
to the laboratory helicopter of the company Quanser. A schematic representation of the
measurement setup is given in Figure 5.4a and the desired trajectory in Figure 5.4b. Two
different test scenarios are analyzed to test the performance of the ILC presented in the
real setup. In the first scenario, a disturbance is applied to the helicopter in the form
of a strong airflow in a specific region of the helicopter’s trajectory, which is presented
Figure 5.4a. Since the helicopter flies through this external disturbance repeatedly, it can
be approximately considered a repetitive disturbance process. Additionally, compared
to the simulation test scenarios, this disturbance acts on the helicopter in such a way,
that it additionally applies directly to ¢3. For this case, the convergence behaviour is
demonstrated in Figure 5.5a, where the grey shaded area marks the area with active
disturbance. It can be seen that before the disturbance is applied, the norm of the error
decreases. Afterwards, the value converges again approximately to the value without
disturbance. The learned behaviour increases the error after turning off the external
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Figure 5.3: a) Desired trajectory, b) applied disturbance fy4(¢) in N, and ¢) convergence
behaviour for the second test case.

disturbance, which is then compensated again. In the second scenario, the external fan
is positioned below the trajectory plane for the second test scenario. This test reflects a
more critical scenario since the rotors of the laboratory helicopter cannot apply downward
thrust. Nevertheless, Figure 5.5b shows a similar qualitative behaviour. The norm of
the error before applying the disturbance is higher in this case due to other learning
coefficients. Figure 5.6 shows the measured tracking error for the O-th, 19-th, and 30-th
iteration for the first test case. Focusing on Figure 5.6a, it can be seen that the initial
matching condition is violated for the 19-th iteration, the ILC law is still leading to a
stable trajectory update, which mirrors the robustness of the presented algorithm. Since
the desired trajectory for the elevation angle is set to be zero for the first test scenario,
the accuracy of the algorithm can be seen in Figure 5.6b. Here it can be seen, that the
trajectory update reduces the error down to a few encoder steps. Additionally, the location
of the external disturbance can be seen approximately at ¢ = 18s and ¢t = 43s. There are
still residual errors, which might be due to non-repetitive turbulances.
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Figure 5.4: Schematic measurement setup and desired trajectory.
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6 Conclusions

In this thesis, methods of iterative learning control (ILC) for nonlinear systems in affine
input (AI) form were investigated. First, the existing theory of ILC for linear systems was
presented. Furthermore, an optimization-based ILC framework was developed specifically
for linear continuous-time systems, focusing on the properties of differentially flat systems.
An analytical solution for the differential equation of the co-state was found. It was also
shown that an analytical solution can be constructed for a specific type of Riccati differential
equation. These results can be used to develop an efficient method for computing optimal
learning laws. Finally, the resulting framework was adapted to nonlinear Al-systems,
extending its applicability to more complex control scenarios. For both the linear and
nonlinear case, the framework has been extended by integrating both causal and non-causal
state estimators. This novel approach enables the systematic design of ILC schemes that
capture and utilize the nonlinearities of the plant by tackling them directly.

Although the theoretical derivations were only shown in the single-input single-output
(SISO) case, the results can be extended to the multiple-input multiple-output (MIMO)
case, which was demonstrated by applying them to the laboratory helicopter of the
company Quanser.

There are still many open questions that need to be answered. To point out a few, it
remains unclear if and how the framework can be extended to non-flat systems. Further-
more, for the proof of the analytical solution, the underlying system has been assumed to
be perfect and, therefore, without external disturbance, process noise, and measurement
noise. Therefore, it remains unclear if and how it is possible to systematically take these
into account and formulate a rigorous proof. In addition, several key issues need to be
clarified for a rigorous stability and robustness analysis of the methods. First, rigorous
stability criteria must be established for the ILC algorithms in linear and nonlinear cases
with uncertainties. Necessary conditions for convergence in the presence of disturbances
need to be determined. Furthermore, it is crucial to investigate how optimal learning rates
can be systematically determined in order to achieve a balance between convergence speed
and robustness. It is also worthwhile to investigate the impact of Q-filter designs on the
performance of ILC methods. However, even if there is no rigorous proof for the analytic
solution of the co-state differential equation in the presence of model-plant mismatches,
external disturbances, and noise, the result might be additionally interesting in a model
predictive control (MPC) setting.
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